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I. PROGRAM OBJECTIVES

The objectives of this on-going program have been
(a) the development of the basic physics of the low-
energy x-ray and associated electron interactions and
(b) the application of this physics to problems of
immediate need and importance.

In recent years the particular application areas to
which this program has been addressed are:

1. Molecular and solid state spectroscopy; radia-
tion damage.

2. Pulsed x-ray source spectroscopy (At ) 10 pico-
seconds).

3. X-ray optics

a. Analyzers (crystals and multilayers)

b. Focussing, primary monochromators for x-ray
microscopes, telescopes and for synchrotron radiation
light sources.

c. Position sensitive detectors: time integra-
ting and time resolving.

d. X-ray lithography for microelectronics
fabrication.

4. High temperature plasma diagnostics

a. Fusion energy
. -** ... b. X-ray lasers

c. X-ray astronomy

' :. L :i :)rmation Division
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II. RESEARCH RESULTS*

A. Basic Interaction Physics

We are pleased to report that an entire issue of the
journal, Atomic Data and Nuclear Data Tables [77], was
published during this contract period upon our recent
work on Low-Energy X-Ray Interaction Coefficients:
Photoabsorption, Scattering and Reflection, E = 100-2000
eV, Z = 1-94. This 144-page monograph includes a summary
of the methods for using these atomic scattering factor
tables for the characterization of reflection by x-ray
mirrors, multilayers and crystals as applied in low-
energy x-ray spectrometry. These tables, for the 94
elements, have also been made available on data disks for
efficient computational analysis [75]. The data disks
have been supplied to groups. at all of the National
Laboratories involved in x-ray research. And we have
arranged (cost supported by this University) to send
four-hundred reprint copies of this monograph to
requestors throughout the scientific community.

In order to apply these data for absorption and
scattering of the low-energy x-rays, we have reviewed the
old programs and have developed new ones for the calcula-
tion of the reflection characteristics of crystals
multilayers and mirrors. These have been applied for the
detailed characterization of monochromator and analyzer
systems of current interest for the 100-2000 eV region.
These results have been important in guiding the

4 development of new systems for spectroscopic analysis and
'*o their calibration [73,82].

A sensitive test and measure of the low-energy x-ray
atomic scattering factors has been the experimental
characterization of crystal and multilayer analyzers and
of mirror monochromators. (Their reflectivities are
strongly dependent upon both the real and the imaginary
parts of the scattering factors.) A comprehensive work
is now nearly completed on the Model Calculations and
Measurement of Low-Energy X-Ray Reflecting Systems
[82,83].

The basic, associated electron interactions which we
have been investigating have been involved with the con-
version of photons to photoelectrons. The electronic

*Numbers refer to first-page abstracts presented in Sec.
III.
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photoemission characteristics are of particular practical
importance in the design and optimization of x-ray detec-
tors as the x-ray diodes and the x-ray streak cameras(see below). In the research program period reviewed

here, we have been making the very needed measurements of
the absolute quantum yields and of the photon counting
efficiencies of practical photocathode materials, cesium
iodide in particular. The ratio of the quantum yield to
the photon counting efficiency is the average number of
electrons generated per signal pulse and is an important
basic electron generation statistic that is needed for
the optimum design of photocathodes for x-ray detection
and imaging devices.

Another fundamental characteristic of photocathode
emission is the secondary electron energy distribution
associated with photoemission. The width of the energy
distribution curve (EDC) ultimately determines the limit
of the time resolution for the x-ray streak camera. We

* have carried out on this program a comprehensive series
of EDC measurements of metal and insulator type photo-
cathodes. [56,57,61,63,68,71,72,78,82]

B. Molecular and Solid State Spectroscopy;
Radiation Damage

The chemical physics of thin films and surfaces and
of radiation damage phenomena can be effectively studied
through low-energy x-ray fluorescence spectroscopy. This
is because the electronic transitions from the outermost
electron levels to the first, sharp inner core holes
involve subsequent fluorescent x-ray emission in the low-
energy region (less than a few hundred eV). The rich
structural detail of these spectra accurately reflect
energies and symmetries of the outer electronic levels
that identify molecular and/or crystalline states. A
series of exploratory investigations were conducted in
order to define the important problems involved in such
measurement and analysis. [58,59,62,64,65,67,69,70]

A very significant result of these studies has been
the demonstration that for molecular/solid state spec-
troscopy of many thin film systems, the x-radiation
excitation of the material that is required for the
fluorescence analysis is also sufficient to seriously
change the sample's surface chemical state. An important
conclusion has been that for this very useful analysis

.... * technique, more intense excitation light sources are not

needed. Rather there is a strong indicated need for more
efficient, "faster" low-energy x-ray spectroscopy. It %
has been for this reason that an important effort of this

3
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program has been'directed to the development of opti-
mized, high efficiency spectrographic systems. For this
part of our program we have been fortunate to receive
added development funding through a DOD-University

• . Instrumentation Grant for the development of a "state of
the art" fast spectrograph for high resolution, low-

. energy x-ray spectroscopy. This system, currently under
'development, utilizes close coupled curved crystal
focussing optics and position sensitive detection along
the Johann circle (for simultaneous spectral band
measurement). Along with the basic low-energy spectros-
copy, this instrumentation will be applied to sensitive
and precise studies of the radiation damage growth
process in thin films. [89]

C. Pulsed X-Ray Source Spectroscopy
100-10,000 eV (At * 10 picoseconds)

In order to accomplish the diagnostics of the
intense pulsed x-ray sources that are now available, an
important need has developed for well calibrated,
absolute pulsed source spectrometry. A spectrograph with
time integrating and time resolving recording is required
for x-ray pulse measurement in the picosecond to milli-
second range and for the 100-10,000 eV region. Typical
pulsed sources include those produced by focussed laser
or particle beams, by magnetic confinement machines such
as the Tokomaks, by the Z-pinch, exploding wire and
imploding liner plasmas. The spectrograhic design
requirements for this type of spectroscopy are very
different from those for the high-sensitivity scanning
spectrograph described above.

We have developed a spectrometer based upon an
elliptically curved Bragg reflecting analyzer, placing
the intense, small source of pulsed x-rays at one focal
point and a small scatter aperture at the second focal
point through which all Bragg reflected wavelengths will
proceed to a detection circle (with this second focal
point as its center). A detailed geometrical and physi-
cal optics analysis of this fixed analyzer spectrometer
for pulsed sources has just been published and is appen-
ded here at the end of Sec. III [79]. Also presented in
this report are notes on the construction of elliptical
analyzers for the 100-10,000 eV region, on analysis
methods for absolute line and continuum spectral analy-
sis, and on some initial measurements made with a laser-
produced plasma source. We have applied this type of
spectrograph in collaboration with the diagnostics group
at the Sandia National Laboratories. Similar instruments
are now under development at the Lawrence Livermore
National Laboratory and at the Los Alamos National Laboratory.

4
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We were invited in 1982 to develop a special ellip-
tical analyzer spectrograph syste for x-ray diagnostics
applications on the 24-laser-beam OMEGA facility at the
Laboratory for Laser Energetics, University of Rochester.
This instrument has been designed and constructed in this
laboratory in the 1982-83 period and is now undergoing
its initial testing on OMEGA at the University of
Rochester. Additional construction funds and the support
of a post-doctoral research associate for this part of
our program were provided by the DOE through the LLE,
University of Rochester.

Detailed reports on this spectrograph system are now
in preparation [84,85,86]. A photograph and drawing of

-* this instrument are presented in Sec. IV. As will be
noted, it incorporates matched, elliptical analyzer spec-
trometers, one with a time-integrating photographic
camera and the other with a specially designed streak
camera.

D. X-Ray Optics

1. Analyzers and Monochromators

Along with our theoretical model calculations for
the reflectivity characteristics of crystals, multilayers
and mirrors, as described earlier, we have maintained an
experimental program on the characterization of these
x-ray optical elements. Our on-going program on the
development of the Langmuir-Blodgett molecular multi-
layers is unique in its long standing achievements,.
particularly in the perfection of-molecular multilayers
as low-energy x-ray analyzers. A special laboratory has
been established for this project. Many workers from
other institutions have trained in this laboratory on
fabrication techniques. And this program has freely
supplied other research laboratories with multilayer
analyzers constructed of lead salts of the straight-chain
fatty acids with 2d-spacings in the 70-160 A range for
their low-energy x-ray spectroscopy programs.

We have been able to routinely construct multilayers
such as lead myristate, lead stearate and lead behenate
(2d-spacings of 80, 100 and 120 A, respectively) that
have reached the theoretically predicted values for peak,
integrated reflectivities and for the reflectivity curve..... " ... widths.

The Langmuir-Blodgett multilayers may be deposited
upon surfaces of any curvature and consequently can be
developed as focussing analyzers and as fixed analyzers

5
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(as the elliptical analyzers described above).

Another on-going investigation of this program, as
noted earlier, has been upon the systematic measurement
of the reflectivity of grazing incidence mirror mono-
chromators versus photon energy and angle of incidence
174,88]. Again, for mirrors of good quality, we have been
able to demonstrate reflection efficiencies that are as
predicted by the Fresnel theory using our calculated
scattering factors (except very near critical absorption
edge energies).

Described in a photograph presented in Sec. IV is a A
special calibration facility that has been established in
this laboratory for the characterization of mirrors,
multilayers and crystals in the 100-10,000 eV region with
which many focussing geometries may also be evaluated.

2. Position Sensitive Detection

In the development in this laboratory of the spec-
trograph for pulsed source spectrometry, described above,
the Streak and Photographic Elliptical Analyzer X-Ray
Spectrograph (SPEAXS system), some new approaches were
taken to obtain absolute time integrated and time
resolved recording of the Bragg reflected spectra.
Essentially no adequate film calibration data were
available for absolute measurements in the low-energy x-

"" ray region. And no x-ray streak cameras were available
with entrance slit lengths sufficiently large to accomo-
date other than a very small section of a Bragg reflected
spectrum. The following important programs on position

...... sensitive detection were completed this past year.

a. Photographic Films--New mathematical models and
new methods for absolute characterization for photo-
graphic film response in the 100-10,000 eV region have
been developed in order to meet a serious present need
for better understanding and implementation of absolute
photographic measurement. As examples of application of
this new approach, five films of current importance in x-
ray diagnostic measurement have been characterized.
These are Kodak's 101-07, SB-392, the RAR 2492, 2495 and
2497 films. Abstracts of a two-part report on this work
are presented in Sec. III [80,81].

b. X-Ray Streak Cameras--Beginning this last year
we have been fortunate to have working with us a post-

• . " ....6



doctoral research associate, Dr..Paul Jaanimagi, on the
construction of a new x-ray streak camera specially de-
signed for our SPEAXS system [86,87].

We have appreciably modified the RCA 73435 Streak
Tube. Increasing the photocathode length to access more
resolution elements required demagnified electron optical
imaging; spherical and other aberrations degrade the off-
axis image. Also the image size gets unwieldy. Very
strict mechanical and electrical tolerances were main-
tained to achieve good spatial resolution over a large
area photocathode. Large (20 kV/cm) accelerating fields
at the photocathode were required to obtain 10 ps time
resolution in the x-ray region. This was achieved by
using a slot aperture rather than a mesh in proximity to
the cathode. The diverging lens properties of the slot
resulted in a net demagnification (6:1) for the photo-
cathode slit width, permitting 1 mm wide input slits for
high sensitivity. An accurate electron optics ray trace
code proved very useful in the preliminary design work.

Dr. Jaanimagi is now characterizing this new x-ray
streak camera on a 50 picosecond laser-produced x-ray
source at the Laboratory for Laser Energetics, University
of Rochester. We plan next to evaluate the dynamic
response of transmission photocathodes of gold, low and
high density cesium iodide which have been characterized
as to their quantum yield and photon counting efficiency
in this laboratory.

With this calibrated streak camera on one channel and
with a photographic camera on the other matched channel
of the SPEAXS system, we plan to effectively test the
dynamic response of the photographic film in the pico-
second region (e.g., to gain a test of the reciprocity
law for picosecond x-ray bursts).

3. X-Ray Lithography

We would like to note here the potential importance
of the low-energy x-ray physics and technology described
here to the semiconductor research programs.

By "contact printing" through electron-beam fabri-
cated, high resolution integrated circuit templates
onto suitable resists with low-energy x-rays rather than
with light, the diffraction-limited resolution of the
resulting IC's might be improved by an order Of magnitude
or more. Intense, pulsed, soft x-ray sources would be
required. Focussing x-ray mirrors for concentrating the
required high intensity of x-rays onto the templates are

7
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needed. Efficient mirror monochromators for such x-ray
lithography could be large aperture, near-normal
incidence optical mirrors coated with multilayers to
enhance their reflectivity at the desired low-energy x-
ray wavelengths.

The optimum choice and the characterization of
appropriate resist materials for x-ray lithography might
be very effectively guided by the type of molecular state
spectroscopy and measurement of radiation damage that has
been established on this research program.

Finally, it has already been proposed that Langmuir-
Blodgett films of the type that are fabricated in this
laboratory might well constitute the basic thin film
material for superior, high resolution electron and x-ray
resists. See, for example, A. Barraud et al.,
"Monomolecular Resists: A New Class of High Resolution
Resists for Electron Beam Microlithography," Solid State
Technology (August 1979) and M. C. Petty, "Langmuir-
Blodgett Films," Endeavour, New Series, Vol. 7, No. 2
(Pergamon, 1983).

E. High Temperature Plasma Diagnostics

The work of this prograjm on achieving well-calibra-
ted absolute low-energy x-ray spectroscopy has been
inspired by and directed to collaborative efforts with
the large programs involved with high temperature plasma
diagnostics. The pulsed source spectrometry described
here is being applied at several laboratories including
the Lawrence Livermore National Laboratory, Los Alamos
National Laboratory and the Laboratory for Laser
Energetics at the University of Rochester for fusion
energy reearch involving very intense, pulsed x-ray
sources. Also, alongside this ICF research is that on

*the development of x-ray lasers which requires the large
puised x-ray sources and similar x-ray spectroscopic
diagnostics.

We are also collaborating with several x-ray
astronomy groups on low-energy x-ray imaging and spec-
troscopy of astrophysical, high-temperature plasmas. Our
significant contributions for advancing x-ray astronom-
ical research has been, for example, our work on
interaction cross sections [77], low-energy x-ray
focussing multilayer and mirror systems [87,88) and the
absolute yield measurements and photon counting
efficiency of optimized, high yield CsI photocathodes for
position sensitive imaging [82].

8
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F. Student Training in X-Ray Physics Research

There is a serious shortage in the U.S. at this time
of graduates experienced in radiation physics generally
and particularly in the x-ray physics. The training of
young x-ray physicists has continued to be an important
'part of this University grant research program.

.. *: Rupert C. C. Perera conducted his PhD program in x-
ray physics on this project and is now in the x-ray
optics group at the National Bureau of Standards. The
title of his thesis is "Low-Energy X-Ray Emission Spec-
troscopy in the 100-500 eV Region: Molecular Orbital
Interpretation," He has just been appointed to a Staff
Scientist position at the new Center for XUV Optics,
Lawrence Berkeley Laboratory.

Kandatege Premaratne has completed his PhD program
.q and is now teaching university physics and has worked on

this project as a post-doctorate. The title of his
thesis is "X-Ray Photoemission Theory and Experiment:
Characterization of X-Ray Photocathodes."

Tina J. Tanaka completed her PhD program in May
1983. The title of her thesis is "X-Ray Diagnostics of
Laser Plasmas with a Calibrated Elliptical Analyzer Spec-
trograph." She has accepted a Staff Scientist position
at the Sandia National Laboratories, Albuquerque in x-ray
physics.

Since its beginning, this program has very success-
fully involved the participation of research assistants
of undergraduate physics students, usually through their

NJunior and Senior years. They have contributed
significantly to the program and often as co-authors on

research papers, and graduate as motivated and experienced
applied physicists. Those who have had their high school
and BS programs in Hawaii are strongly encouraged to
proceed on to their graduate work at major Universities
on-the U.S. mainland. During the summer after graduation
and before graduate school, we have been able to arrange
for many of these students to work as summer researchers
at the National Laboratories. Listed below are students
who have recently trained as undergraduate assistants on
this program and are now completing their graduate work
at other Universities.

Ronald Ono completed his PhD this year at the State
University of New York at Stony Brook. He is now a post-
doctorate at the University of Colorado. Christophe Berg
has completed his MS in X-Ray Astronomy at the
Massachusetts Institute of Technology and Mark
Schattenburg plans to complete his PhD in X-ray Physics

9

I
'C. - - - " ' ". ' =' -. - . .- - - - . .- - .

,_b. , , , .- '- ."-,-, .- .--v -. -- . . . .



also at MIT within the next year.. Eric Gullikson will be
completing his PhD by mid-summer at the University of
California-San Diego. Brian Fujikawa is finishing the
third year of his Physics PhD program at the California

- -Institute of Technology as is Bruce Young at the Univer-
sity of California-Davis in a Physics PhD program
supported by the Lawrence Livermore National Laboratory.
Randy Shimabukuro has just completed his MS in Physics at
the University of California-San Diego and plans to com-
plete his PhD program at UCSD as part of a work/study
program with the Naval Electronics Laboratory there.
Grace Lim has completed her first year's graduate studies
in Physics at the San Jose State University supported
through her position in the x-ray analysis laboratory at
IBM-San Jose. Mary Pottenger Hockaday is gaining her PhD
in X-ray Physics at the University of New Mexico-Las
Cruces. Robert Hockaday has joined Mary there and is now
completing his MS thesis for an Engineering degree at
UNM. (Bob and Mary continue to be part-time staff mem-
bers as x-ray physicists at the Los Alamos National
Laboratory.) Finally, Hubert Yamada was appointed to a
summer research position in x-ray plasma diagnostics at
the Lawrence Livermore National Laboratory and proceeded
this year with a fellowship for his PhD progran at the
California Institute of Technoloqv.

G. Collaborative Efforts

As has already been indicated, this program
continues to involve close collaborations with groups
working particularly in the low-energy x-ray diagnostics
at major government, university and industrial
laboratories. These efforts include work sessions of a
few days or more at this laboratory and also visits by
this principal investigator at the other laboratories
(see Sec. IV). These collaborations are of considerable
importance to this program, not only in gaining an
efficient exchange of new information but also in having
the opportunity to learn about the specific important
current needs of the U.S. scientific community in the
area of low-energy x-ray physics.

This principal investigator was the co-organizer
with Dr. David T. Attwood of the Lawrence Berkeley
Laboratory for a special Topical Conference on Low-Energy
X-Ray Diagnostics sponsored through the American Physical
Society. It was held in Monterey, California, June 8-10,
1981. This three-day meeting included invited, tutorial-
type papers by scientists from major laboratories
throughout the world addressing most of the topics which
have been discussed here. In 1981 the American Institute

10
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• "of Physics published a complete bound volume on the
Proceedings of the meeting (AIP Conference Proceedings
No. 75 on Low-Energy X-Ray Diagnostics, 1981, D. T.
Attwood and B. L. Henke, Editors). [73,74,75] We
believe that the very enthusiastic reception of this con-
ference by all of the 250 participants has clearly and
strongly expressed the considerable growing importance

-~ and needs for development of the XUV physics and asso-
ciated optical techniques.

A.
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III. FIRST-PAGE ABSTRACTS OF RESEARCH
PUBLICATIONS FOR THE 1978-83 PERIOD

AND

A REPRINT OF THE RECENTLY PUBLISHED REPORT,

"Pulsed Source Spectrometry in the 80-8000 eV Region"

B. L. Henke, H. T. Yamada, and T. J. Tanaka

Rev. Sci. Instrum. 54 (10)', October 1983
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O.1-1O-keV x-ray-induced electron emissions from
solids-Models and secondary electron.measurements

Burton L Henke and Jerel A. Smith

University of Hawai Honolulu. Hwan 96822

David T. Attwood

LAWVVW Livermone Laboratory. Liermore. Califoria 94530
(Received IS September 1976; accepted for publication 14 December 1976)

Analytical models art presented descrbing the x-ny-ezcited emission of "no-loa" photoeloctrons and
Auger electrons and the energy distribution of emitted secondairy electrona The secondary electron
distribution is given in terms of the electron kinetic energy Es, work function W. photon ene . and
an potoiionization coefficient p(F). as proportional to EaL E)Ex( -) + W)-'. Techniqua of dectron

spectral measurements utilizing uniform field preaccleration and limited acceptance angle spectrometers
discussed. Secondary electron energy disttibutions are measured at about I0- 6 Tor ro thick

evaporated films of gold and auninun at photon energies 277. 1487. and 80 eV. The shap of these
distibutions do not depend significantly upon photon eergy. The full width at half-maudium (FWHM) of
thse distributions are 3.9. 6.7. and 4.4 cV for Au and ion-cleated Au and Al photocathoda. respec vely.
T.e data aprec well with the modd predictions.

PACS numbers: 79.60.Ct. 73.30.+y. 72.lO.g
-L INTRODUCTION applied effectively over a wide band of photon

This work is in sequel to and in support of a recent energies. 3'

presentation by the authors of some measurements on A very recent application of secondary electron
the secondary electron energy distributions from gold detectors has been in the development of streak and
as excited by C-K. (277 eV) and Al-K. (1487 eV) x-ray framing cameras for the diagnostics of x-ray bursts
photons. It is an attempt to present the basic physics from laser-produced plasmas. The time spread in the
for the measurement and for the interpretation of the photoconverted secondary electron emission per photon
x-ray-induced electron emissions from uniform isotro- is probably of the order of 10-11 sec, and the energy
pic solids. spread is of the order of 10 eV. An x-ray source can

In Fig. 1 are shown the typical characteristics of an be Imaged and ptotoconverted to an electron source

electron spectrum induced by an x-ray beam incident which may then be reimaged down a streak or framing
a solid. Illustrated here are the sharp photoelec- camera tube with an accelerating electron lens system.

up.ton ansoid. llug trted heo-rose ar e sharpithte The time history of an x-ray event can be obtained by a
tron and Auger electron "no-loss" lines with their fast transverse deflection of this image, e. g., to form
characteristic energy loss tall structure, along with the a "streak" pattern with a time resolution in the picosec-
low-energy secondary electron distribution. In contrast ond range. p
to uv-excited electron spectra, here the photoelectrons.
and the principal sharp Auger electron emissions are In order to support research and application In x-ray
well outside the low-energy secondary electron energy photoemission, considerably more theoretical and ex-
region. The secondary electron spectrum peaks at about perimental work should be done on the development of
I to 2 eV and has a full width at half-maximum (FWHM) a quantitative relationship between the electron emis-
that Is usually below 10 eV. In this 0-30 eV interval sion spectrum, the incident photon energy, and the
are typically from. 50 to 90% of the total number of characteristics of the photocathode. There is no corn-
electrons emitted for photon excitation in the 100- plete theory of x-ray photoemission that is available
10000-eV region.

The x-ray-excited electron spectra constitute a
unique 'window" Into the solid and its electron excita-
tion, transport, and escape processes. When a thorough
undersLinding of the physics of these processes is A
gained, electron spectroscopy can provide an important PHOTO
quantitative basis for tshe physical and chemical analysis AUGER
of solids. The elec~rnn spectroscopy for chemical
analysis (referred to as ESCA or XPS) has become a

dNt C
well-recognized research area within the last ten 7- SECONDARY
years. G

The photoelectric conversion of x-ray intensity into
electron emission can provide an important practical
basis for x-ray intensity measurement. X-ray photo-
electric detectors are vacuum devices and, unlike gas 0 20 120
Ionization detectors, can be windowles. A unique EK(eV)-P
advantage of the photoelectric detector is that it can be FIG. 1. A typical x-ray-excited photoemission spectcum.

1*
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High-efficiency tow-energy x-ray spectroscopy in the
100-500-eV region

Burton L Henke, Rupert C. C. Perera, Eric M. Gullikson. and Mark L Schattenburg

Unim srsiy of Hfaweki Honolulu. Howss 9622
(Received 21 July 1977; accepted for publication I September 1977)

'The load .yriatate multilayer analyzer has provided a basis for a relatively simple and efficient
spautispy fr the low-coergy x-ray emisons in the 20-40-A region (whene conventina crystal
saeroacopy and grazing incidence grating spectroscopy are generally inefficient). The percent reflectivity.
the integrated coefficient of reflection, and the Drags diffraction width of the lead mynisat analyzer
have hea masaured and round to be consistent with the predictiona of a aimple theoretical model for
asmltilayer diffraction. This mualtilayer spectroscopy at large Dragg angles has a high efrociency (high
inatnenst transmission) as compared to grazing incidence grating spectroscopy in this 20-10-A6 region.
However. the resolution ia limited to that se by the diffraction width of the lead myristase analyzer of
about I eV. Because the collimator-crytal broadening function can be precisely defined, a simple and
effective decovolution procedure can be applied with this multilayer spectroscopy to bring the resolution
into the sub-cectrowi-volt region. To demonstrate the efficiency of lead myrisiate spectrotscpy in the
20-10-A region. spectra were measured and analyzed from x-ray excited fluorescent soures which are

-*-.chiasucteristically of low intensity. (X-ray excitation yields a minimum of background specra and of
radiation dsamage) These include the L,., atomic spectnrum a( argon and the C-K molect;a, spectrnm of
CO,. both in the gas phase. and the Cl-L1 , and 06K spectra from solid lithium parchierate Many

* ~.- ~-samples undergo appreciable radiation-induced chemical change during the exposure time that is required
for meaauement-eiven with an optimally fast spectrograph and with fluorescent excitation. A method
has been developed to evaluate and to correct for radiation damage by distributing the exposure over an
effetively large sample volume either by gS" flow or by rotating through multiple samples during
mneasurenent- Several spectral scans were made on the LiCIO. using six samplea. The total exposure time
for each data point in each scan was recorded which permitted an extrapolation into a -zero- exposure

- spactm. Finally, F-L 2.,O-K spectrum (from Fe2Oi) in the 17-25-A region is presented to illustrate
the eflectivens of the lead myristate analyzer in third-order diffraction. For this multilayer. the third-
order diffraction efficiency is one-third that of the first order ard is nearly twice that of the second order

-* 4 for this wavelength region.

PACS numbers: 07.85.+n, 32.30.Rtj S2.70.Kx. 33.20.Rin

L INTRODUCTION the core levels typically iresult in low-energy x-ray spectra

There are two areas in which law-energy x-ray spectrosco- at a few hundred eV or less.
py is of particular importance at this time-the diagnostics Using, for example. the acid phthallate crystals (2d value
of high-temperature plasmasi and the determination of the of about 26.6 A), the conventional x-ray crystal spectroscopy
chemical and solid-state electronic structure of atomic sys- has been very effectively extended downt to about 500 eV 5s
tems.2  Extreme ultraviolet diffraction grating spectroscopy has

been extended with high efficiency (with relatively large an-
In the controlled thermonuclear fusion research. a critical gles of grazing incidence) up to about 100 eV.6 We have

temperature region of CurrentL interest is in the (1- 10) X 106 on htavr fiin pcrsoyi h a eino
C rage.The iasas nvoled mit aditios mot car- 100-500 eV is by using the multilayer analyzers as the lead

acteriStiC3lly in the low-energy x-ray region (100-1000 eV/ stearate and lead myristate of 2d values equal to 100 and 80
10-1004A) The detailed spectroscopy of these plasma ra- A, respectively. We have recently presented the detailed
diations can yield information as to the plasma density, tein- characteristics and application of the lead stearate anelyz-
perature, and the identity and amount of contaminating eli- er2 -4 In this paper, we extend the presentation of the meth-
ments. The low-energy x radiation from pulsed plasma ods and techniques of low-energy x-ray spectroscopy as spe-
sources (as produiced by lasers or exploding wires) can he cially applied with the lead myristate analyzer.
very efficiently converted to relatively sharp distributions
in energy of secondary electrons:' that are amenable, with In Secs. II-V. we present an analysis and measurements

* -- streak camera techniques, to time-history measurements ap- of the x-ray optical characteristics of this multilayer analyz-
pronching psec resolutions. er, an optimized spectroscopic and data analysis procedure

4 . )L1 ~'for gaining maximum overall efficiency and resolution, and,
Often, the energy and the symmetry of the outer electron- finally, we present somne examples of applications to atomic

ic states of atomic sy-stems can be sen-,itively revealed and molecular low-energy x-ray spectroscopy.
through the spectra associated with the transitions from
these states into a nearby reltitively sharp core level. Such 1.RFETO AA EESFRTELA
spectra can yield valuahle data complementary to that which Ml. REFLETION PARA ER SFRTE EA
are available from photoelectron Auger electron spectrosco- M RSAEMtLIAE
py orn the structure of valence hands, solid-state hands, and Lead salts of the fatty acids deposited as Langmuir-Blodg-
molecular orbitals." These sensitive first transitions into ett multilayers have been demonstrated to be highly efficient

480 J. Appl. Phy%. 49(2), February 1978 0021 8979/78/4902 0480S01. 10 0 1978 American Institute of.Phvstcs 480
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OCI-L1, 11, fluorescent x-ray spectra measurement and analysis
* for the molecular orbital structure of Cl04-, C103-, and
* C10 2

Burton L Henke. Rupert C. C. Perera, and David S. Urcha)

Unitwity of fHawase. Haojoulm. ifawag OM.22

(Received 28 September 1977)

'Me chlorine L.n low energy x-ray spectra from sodium Perchlorate- chlonate and chlorite: have been
~ obtained using carbon K. (277 eV) photon excitation and a lead mynstate analyzing -crysta- (2d - 80

- .,,.~ ~A). X-ray induced decomposition was observed for each of these comspound. By taking repeated spectral
scans. systematically distnibuted over six samples. it wast possible to extrapolate to ziemdoose" CI- L11.,u#
spectra. A specially developed least-sqtsares fitting program was applied to precisely demmisine the energy
and strength of each spectral component which utilized the known collimation and crystal broadening
functions and yielded energy resolutions of less than I cV. Broad low-energy satellite structuresi were
observed for aUl the oxy-anicins and (or chloride (NaCI) anid have been compared to0 similar satellites as
m~easured in the Ar- Ltin spectrusm. These structures were thus identified as resulting fromt multiectron
processes. The other peaks in the Cl- LL ri spectra of the oxy-anions could be understood as corresponding
to transitions from molecular orbitals with Cl 3s or 3d character. These results have demonstrated that

* -. 3d orbitals do play a definite roe in the formation of chemical bonds in the oxy-anions of chlorine and
that the importance of this role increases with the ohidation state of the chlorine. Satisfactory correlations
have been obtained with the complementary Kip x-ray enmission and photoelectron spectra and with
molecular orbital theory for the same anions.

1. INTRODUCTION atomic orbital functions (LCAO approximation). The
". .ft ranitins etwen he oleula orita sttesand calculated eigessvectors are used to obtaln the dipole

Tranitins etwen he oleula orita sttesand transition probabilities. From such MO calculatilons;
the nearby and relatively sharp core level States result threaieaotsos,,an4cotbuonat
1A low energy x-ray spectra that typically lie In theredlbestme.
100-300 eV (40- looA) region. Such spectra can sensi - redlbestme.
tively portray the orbital structure of the molecule (a-, Inl an earlier work, Henke and Smith' were able to
In many cases, of an ionic group). For the second-row, demonstrate the, feasibility of obtaining the L,,. ,, Spec -
elements, the nearest core levels are the 2pjfjr-2,,, tra of phosphorous, sulfur, and chlo.-ine in different
spin-orbit split states. The atomic binding energies of chemical states by applying spectrographic techniques
these Lst. I, levels, for example, for 15 P, 16 S, 17 Ca, of such efficiency as to minimize the effects of radiation
and 18 Ar are 136-135, 165-164, 202-200, and 247- decomposition. Recently, the S-LIL u spectra have
245 electron volts, respectively. In a particular chem- been more precisely measured and analyzed by Henke
ical environment, these core levels of a given atom and Taniguchi5 3 for the Sol an O osfo oyrs
may shift as much as 10 eV. Such core level chemical talline samples and for the molecules containing single
shifts can be measured by x-ray photoelectron spec- sulfur atoms and in the gas or vapor states-H5 S, SO2,
tx-oscopy (XPS). The molecular orbital energies are of SF5 , CAHS. The molecular orbital information derived
the order of 10 eV and can also be measured directly by from these spectra were compared to that obtained from
ultraviolet photoelectron spectroscopy (UPS). The xc- the complementary photoelectron and 1, spectroscopy
ray emission spectra directly yield the difference in the and to the predictions of molecular orbital theory. lIn
energy of the molecular orbitals and the core * evel this present work, the CI-L,,, It spectra for the CIO;,
states. However, unlike the photoelectron spectra, the CIO-, and CIO- ions for polyce-ystalline samples are
x-ray emission spectra reveal appreciable information measured, analyzed and compared to the photoelectron,
about the symmetries of the molecular orbital states. 'K, and MO calculated4 data for the same Ionic systems.
The Li 15  , spectral intensities are determined mostly Also, important comparisons with the measured atomic
by the s and d character of the orbitals and the K, spec- Li., spectra for Ar and NaCI are presented.
tral intensities are determined mostly by the p charac- A striking difference In the experimental determina-
ter of the orbilals. If the Ltj ti or K, spectrum origi- tions of the L11 . II spectra of the sulfur and the chlorine
nates from an atom of a molecule or of a strongly Ionic copndhabentttelterudgoosirby

1_4s group that contains only one such atom, it is then rela- getrceia hnea nue yteectto

livey esy o a.prolmaelycalulat th enrgyand radiation that Is required for the spectral measurement.
the relative intensity of the x-ray spectral components. That radiation decompositioia might be important In the
Stich tho!oretical predictions can simply be based upon soft x-ray spectra of chloro-anions had been discussed
one-electron integrala with the molecular orbital states by Best$ in the electron excitation of Cl Ks spectra and
described as linear combinations of the s, p, and d ha lobe ugse yUrb natmtn oitr

pret the early spectra of Hlenke and Smith.' Subse -
"Permvanent address: Departnent of Chemistry. Qu-vn I'l:,rv quently, both Prins't In x-ray photoelectron experiments

College. Ntic End Ronad. London, El 4NS, K:nglar,1. and Sadovskii et at. ain measuring Cl-Li 1 , ti emission
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LOW ENERGY X-RAY EMISSION SPECTROSCOPY

IN THE 100-500 eV REGION: MOLECULAR ORBITAL INTERPRETATION

By

Rupert C. C. Perera
Department of Physics and Astronomy

A Dissertation Submitted to the Graduate Division
of the University of Hawaii in Partial Fulfillment of

the Requirements for the Degree of
Doctor of Philosophy

in Physics

ABSTRACT

Low energy x-ray spectroscopy in the 100-500 eV region

has been applied here to molecular orbital analysis. The

available spectroscopic techniques have been extended for

very high efficiency in this low energy x-ray region in

order to minimize radiation-induced changes in the samples.

The lead stearate and lead myristate multilayer analyzers

have been employed which set the energy resolution at about

I eV. The resolution of these multilayer analyzers has

been brought into the sub-electron volt region by a simple

and accurate deconvolution method for which the collimation-

crystal broadening function has been precisely defined. A

critical review of the underlying assumptions of the CHDO/2

and MINDO/3 approximate molecular orbital methods is

presented and their predictions have been compared with the

experimental radiative yield values and orbital binding ener-

gies. C-K and O-K spectra from CO and CO2 in the gas and solid

iii
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prroceedng of the [rnternationat Conference On X-Ray and X0V Spectroscopy. Sendai. 1978;
Japanese Journal of Applied Physics. Volume 17 (1978) Supplement 17-Z. pp. 477-4812

The Secondary Electron Emission Photocathode
Characteristics for Time Resolved X-Ray Spectroscopy

Burton L. MENKE and Kandatege PRZMARAThE1

Department of Phyuics and AsWtiomm
Uniorrsity of HanWe. Honolulu. Hfaii ASZ2. 0..

Recently the secondary electron energy dtistributaions and the relative secondary
electron yields for the 0. 1 to 10 keV photon excitation region have been measured for
Sold, aluminum and tnt sixteen representative semiconductors and insulators lalkali
balides). and a simple phenomenological model for X-ray photoemilsa.. has been
developed. This work is discussed here as it might be applied to the aplication of
streak cameras far time resalved X-ray spectroscopy.

§1. Introduction OR~e3~wLU

Time resolved X-ray spectroscopy has re- WIWW
cently become of considerable value in studies
of' high temperature plasmas in the one second
range (magnetically confined fusion) to the-
picosecond range (laser produced fusion). :Ie
Mode-locked laser systems are available that
can generate high intensity pulses of X-radia- L -----

tion from matter in the picosecond region.
Ultra-fast spectroscopy is needed for the
characterization of such X-ray sources and of r -Ai ..7-. 2)(t-.") 4  

- co"aus
the efrects. of their radiation bursts upon 40  s a
materials. Pico second X-ray spectroscopy A - C00" CLUTRCTW(Gv SPKAO N

may be a valuable tool for the measurement 41 tWPCV'O" rt(w. " orW

of the lifetimes of metastable atomic and Figz 1. Schematic of an X-ray streak tube as applied
moeua tates and of certain photochemical for time resolved X-ray spectroscopy. The temporal

processes.")-3 resolution limit; r. is the difference in arrival time

A proven method for accomplishing time at the image intensifier for axially emitted electrons
- from the photocathode of initial velocities equal

resolved X-ray spectroscopy is that with the to zero and to v9. The corresponding energy spread.
X-ray streak tube.' 6  An X-ray beam is dis- 6i. of the secondary electron emission is 1/2 -orvo.
persed according to its photon energy along a
slit-defined photocathode using a non-focusi .ng sse.0
crystal or a diffraction grating~ (or by a series syTem. tes t-ad-htneery esoe
or absorption filter and/or total- reflection and the temporal resolution or the streak

monchrmatr haneir. Te -codar c~c- camera are ultimately determined by the
trons from this slit sourc, are used to form a characteristics of the photocathode. In the
line image at an image intensifier (needed sections that follow. we have attempted to

*particularly for ultra-fast spectroscopy). This review (1) the basic relationship between the
line image is "streaked" to establish a time base poomsinadteeeto-pia hrc
using a pair or deflecting places. The optical teristics of the X-ray streak tube, and (2) the

*output of the image intensifier is recorded experimental and theoretical determination
photgrapicaly. scematc o suc an of the relevant photoemission properties or

* ~~~~~X-ray streak tube is shown in Fig. 1. As meaan diltrcXaypocth es s

indiate her, to tpes f iagin ca be have been recently investigated in this lab-
used, either an electron lens system" 5 ' or a
simple, proximity-focusing microchannel plate oratory.
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C-K and CI-L Emission Spectra and Molecular
Orbital Analysis of CCI 4

Rupert C. C. PERERA" and Burton L. HENKE

Department of Physics and Astronomy.
*1 ' IUniveu'ifty of Hawoa. Honolulu. Hawaii 96822

The C-K and Cl-L,,, low energy X-ray spectra from solid CCO4 have been obtained
using monoenergetic X-ray excitation and a lead myristate mutaayer analyzing crystal.
The CI-L spectra was also measured in the vapor phase and compared with that
measured in the solid phase. The deconvolved C-K and C-L,,. spectra are compared
with the available CI-Kp and UPS spectra and with the results orCNDO/2. MINDO/3
and extended Hclckel MO calculations.

4§1. Introduction §2. Experimental

The X-ray emission spectra from gaseous Basic details or the experimental approach
chlorinated methane derivatives have been have beens given csewhere7 ' For high
previously reported by many authors. LaVijla tficicncy, an oxidized copper excitation source

.'s ~..a ~and Deslattes t' studied the chlorine-Kfl emis- was used to create the C- Is hole and a carbon
sion spectra and Ehlert and Mattson 2 ) reported excitation source was used to create the Cl-2p
the carbon-K and chlorine-L spectra from rossr hole. The X-ray tube was operated at & kV and
chlorinated derivatives of methane. The pho- 150 mA. A lead niyristate multilayer5 ' was used
toelectron spectra of chloromethanes were as the analyzer. A "pressure tuned""I con-
measured by Potts et at"' using 21 cV and 40 stant flow proportional counter filled with
eV excitations and by Turner et al.') using propane at subatmospheric pressure was used
21 eV excitation. The experimental photoclc- as the detector.
tron spectra are in good agreement. Hopfgarten In measuring the chlorine-Li11 ,1 , spectra in
and Manne") provided a molecular orbital the vapor phase, the sample pressure in the
interpretation or available photoelectron ind gas cell was maintained at one Torr for maxi-
X-ray emission spectra of chloromethanes mum intensity."" The chlorine-, 1 11, spectra
on the basis of the extended Hikkel molecular of CCd4 in the solid and vapor phases were
orbital calculations. measured under the same excitation and are

In this laboratory,'-"I the C-K and CI-L presented in Fig. 1. As seen from Fig. 1. there
emission spectra of CCI, and CHC13 and the are no substantial differences between the gas
C-K emission spectra of CHI were measured phase and solid phase spectra. Since the
ini the solid phase. The C-K emission spectra fluorescent intensity from the solid phase was
of methane and the CI-L emission spectra of about ten times higher than in the gas phase,
chloromethanes were also measured in the gas the spectra from the solid samples were used in
phase. Molecular orbital analysis of thcse the detailed analysis presented here.
chioromethanes were bascd upon the CNDO/2 Reagent grade CCI, was obtained comn-
and MINDO/3 SCF-MO calculations and merically with better than 99%0 purity. All of
upon results of availablc extendedl HI- ckcl MO0 the %pcctra prescnted in this work are the sum
calculations.'I As an example. thc spectra and ofat least three repeated runs and the individual
molecular orbital analysis of caI 4 will he runs reproduced within statistical deviations.

4 - . presented here. Over 10' counts were collected at the peak in
* all spectra and the spectrometer was calibrated

using Rh, Mo and Nb MC lins7-8 In all of
* - - ------ - -. the spectra, the peak intensities were normalized

*In partiul fulfillment of PhD, University of Ifawaii. andl background was not subtracted from the
May 1978.

"Present address: Department of Phy-ics, Univcrsity data because it was negligibly small.
of Sri Lanka, Peradeniya. Sri L.anka. 12A step-scanned spectrum thus obtained was
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0A Soft X-Ray Spectrometer for the Study of

Plutonium and Plutonium-based Materialst

P.L Wallace, WL. Haugen, E.M. Gullikson and B.L Henke
Lawrence Livermore Laboratory. University of California. Livermore, California 94550. USA

A low-energy spectrometer for the X-ray analysis of plutonium and plutonium-containing materials has
been built. We use an ultra-thin window to maintain different presures and contamination levels in the
spectrometer's sample and crystal chambers. Ujtrs-thin windows are also used On the X-ray tube and
detector, Methods have been developed by which the spectrometer can analyze both metal and loose-
powder samples. Representative calibration spectra are presented for the fluorine band in polyfluoro-
ethylene, the oxygen band in a-A12 03, and the carbon band in graphite. Experimental spectra are presented

for the fluorine band in PuF 3 and PuE and for the oxygen band in PuO 2.

'INTRODUCTION 'bp

The surface chemistry of metals is important to the under-
standing of their behavior and to their application. This is
just as true for radioactive metals as for others. One way to
study the surface chcrnistry of metals is by low-energy
X-ray spectrometry. This technique 1,2 uses the low-energy 0-
X-ray region (defined here as below 2 keV) to analyze for W %*

light elements (Mg through Be). Often the technique can
also produce valence-band or orbital-energy information
that helps us learn more about the energy and symmetry of '-

the outer electronic states in atomic systems. - F-wati.

The information produced complements that obtainedmt
-* in either photoelectron or Auger electron spectrometry.

However, experimentally the low-energy X-ray technique Na
has the advantage of not requiring the very-high-vacuum-
environments of the elec tron-spectrone try techniques. Figure 1. Schematic of the tow-energy X-ray specrrometer designed
This lower vacuum requirement is very important in our for plutonium-materials studies. Of particular impsortance are the

plutonium studies. Our system has to be connected to a ultra-thin windows W,. VIW and W.. which Permit operation with
glove box because of plutonium's toxicity, 3 and very-high- veryv different pressures in the X-ray tube, sample chamber, crystal

vacuum systems attached to glove boxes have proven difm- chamber and the X-ray detector. The window com-positions are:

cult to build and keep clean.W 1 O4g'ronWanW,.7m Frv.
A prior low-energy X-ray study of plutonium used an

electron Micropr06e.,! The aim of that work was to docu- had to substantially alter our Philips system to accorn-
ment the low-cnergy X-ray spectrum of plutonium rather moda te alpha- emi ttin g materials and to produce a clean
than to study its surface chemistry. environment in the sample chamber. Figure I is a schematic

of our system.

APPARATUS Vacuum systems

Our ystm i siila tothatfirt rpored y HnkeThe X-ray tube, the sample chamber, the crystal chamber,
Oursysemis imlartotha fistreprtd b lleneSand and lte flow proportional detector are each kept at a

marketed by Philips Electronic lnstrumients4t However, we different pressure during analytical runs. These different

t Wok prfomedunde thausice ofthc S Dparmen ofpressures arc maintained by the use of ultra-thin isolation

Energy by the Lawrence Liverrui Laboratory, unu',r contract o windowX-a tube h", as4 hm2 coareadesity)
number W-740S-L:NG-48. pure cio idw(, hthshe otdwt

This relport was prepired as an accoont of work sponsored dilute 1-oriuvar (polyvinyl foinial) solution to fill pinholes.
by the United States Goverruuncnit. Ncilher the United States nor The window between the two chambers and the detector
the United States t~epartrent of Energy, nor any of their em window are both 0.72 g mn' Formv.a film and were pro-
ployccs. nor arty of flicir conutracto~rs, subcontsactors, or theijr duced it this laborawrv. 6
ctuuph~yces. makes any wattauuty. express or implied, or assumes
any ler-ti tiabitity' or respun%iblllty for lite accuraicy. cotnipleterss I Rcfcrersc-- to a coriupjlls or piuci nameu do, no t tip t

) aproval
or u~cftulrue% of any inuouation, appiratu%, product or Process or to iei,~iindtiti of the product by the LUiitserwry of (aitlotui
ditsclwd or reptesensts that its use would not infringe prisarely- or tihe US tk-partmeis of I rrci!.y to lte C-. kiion of olters thit
owne-d rights. may be suitablte.

O00'j.8246/78(O0u7 0160 S02 no
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Soft-x-ray-induced secondary-electron emission from semiconductors

and insulators: Mlodels and measurements

Burton L. Henke. John Liesegang." and Steven D. Smith
Unioersity of Hawaii. Department of Physics ond Astrmnomy. Honolulu. Hauxai 9682?

(Received 27 July 1978)

Secondary-electron energy distribution curves (EDCs) and the total secondary-eectron yields relative to
such rot gold have been measured for seven semiconductors for which electro . lectron sc ttenng losses
within the emitter were considered dominant and for nine insulators (alkali halides) for which electron-
phonon scattering losses were expected to be dominant in the transport process. The secondary-electron
spectra were excited by AI-Ka (1487 eV) photons and were measured from evaporated dielectric films (of
about 0.3 p thickness) on conducting substrates with an clectronctstn hemispherical analyzer of about 0.03-
eV resolution. Some of the dielectric photoemitters have appreciably narrower energy distributions and
higher yields than has gold. Cul and Csl have EDC widths at half-maximum of about one-third of that lor
gold. and yield values or I and 30 times greater. The FWHM and scondary-electron yield for gold were
measured to be about 4 eV and 0.50 electrons per normally incident photon, respectively. The shapes of the
EDC's were round to be essentially unchanged for photon excitation in the 0.1-10-keV region. Strong
structural features appear only in the alkali halide EDC*%. and it is proposed that thes are mainly the result
of single-electron promotion or secondaries from the valence band by plasmon deexcitaton. A relatively
simple model for x-ray photoemission has been developed which assumes that direct excitation or secondanes
by photoelectron and Auger-electron *primanes" is the dominant excitation mechanism, and accounts for

,T,... ,,. ~both electron-electron and electron-phonon scattering in the transport process. Free-electron conduction-band
descriptions are assumed. The theoretical and expr.rimental curves are in satisfactory agreement.

1. INTRODUCTION distribution can be made in terms of models for
the excitation, transport, and escape processes.

There has been a consideraible amount of effort In an earlier work,' the electron energy depen-
on the theory and application of secondary-electron dence of the secondary-electron energy distribution
emissions using electron excitation in the kilovolt from metals as excited by x-rays in the 0.1-10-
region (as applied, for example, in scanning mi- keV region was measured and found to be consistent
croscopy) and using extreme ultraviolet excitation and predictable by applying currently available
(as applied in band-structure analysis). There has theoretical descriptions for the excitation, mean
been relatively little theoretical or experimental free paths, and escape for secondaries in metals.
work reported on the generation of the secondary In this present work, we have measured the energy
electrons using x-ray excitation (which is of con- dependence and relative yields of the secondary
siderable current interest as applied to the mea- electrons as excited by soft x rays (principally at
surement of the intensity and the temporal history 1487-eV photon energy) for a representative series
into the picosecond region of pulsed x-ray sources of semiconductors and insulators. For these sys-
with the diode detector, the streak, and the fram- tems, the secondary-electron generation processes
Ing cameras in high-temperature plasma diagnos- are more complex, particularly for the insulators
tics), for which multiple scattering has an appreciable

With electron and extreme ultraviolet generation role in the transport process. In order to test
of the secondary -electron distribution, the effec- available theoretical expressions for the secondary-
tive escape depths of the electrons can be very de- electron excitation and for the mean free paths for
pendent upon the attenuation mechanism of the ex- pair production and for electron-phonon interactions
citing radiation. With x-ray excitation of the pho- for the energy region below 10 eV, we have used
toelectron and subsequent emission of the associated the relatively simple rate equation developed by
Auger-electron "primaries" which in turn generate Kane' for a description of the multiple scattering

K .. the internal secondary-electron distribution, the transport process. We believe this approach will
electron escape depths are usually independent of be helpful at this time in guiding the application of
the x-ray attenuation process. This is because more exact transport theories, analytical and
the x-ray penetration is very large as compared numerical, in later studies.
to the effective electron escape length. Thus with In Sec. U, we present the "semiclassical,"
x-ray excitation, often a more direct and precise simple case for x-ray excited secondary- electron
interpretation of the secondary-electron energy getieration for the" no-loss" transport (no multi-
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Low energy x-ray emission spectra and molecular orbital
analysis of CH 4, CCI 4, and CHCI3

Rupert C. C. Perera"I and Burton L. Henke

University of Hawaii. Department of Physics and Astronomy. Honolulu. Hauati 96822
(Received i January 1979)

.,. The C-K and C-L.. 11 low-energy x-ray spectra from solid CCI,. CHCI), and the C-K x-ray spectrum
from solid CHtO have been obtained using monoienergetic x-ray excitation and a lead my stat mul layer
analyzing crystal. The C-K spectrum or methane and CI-Lj.1 spectra of the chloromethanes were also
measured in the gas/vapor phase and compared with those measured in the solid phase. The deionvolved
spectral components are aligned on a common energy scale with the complementary x-ray emission and
photoelectron spectra by identifying the same molecular orbital in all spectra. Such an alignment
procedure yields a C-Is ionization energy of gaseous CH.. and solid CCI, and CHCI, as 290.0 293.5 and
293.1 eV. respectively; and the CI-2p3,1 ionization energy of solid CCI, and CHC13 as 206.5 and 204.3
eV. Results of the CN 130/2 and MINDO/3 MO calculations have been presented and compared with the ..
available results of the extended Hiickl MO method and with the deconvoived spectral components.

......... From the geometry program in the MINDO/3 MO calculation, the C-H bond length in CH, is 1.102 A .
the C-Cl bond length in CCI. is 1.751 A. and the C-H and C-Cl bond lengths in CHC1, are 1.100
and 1.744 A. respectively. Comparison with the vapor/gs phase spectra shows essentially the same

-... ..... energies for spectral components in the C-K and CI-L spectra from CHO and CCI,. whereas the spectral
components in the CI-L spectra of CHC13 have cnergies in the gas phase that are significantly higher
than those for the solid phase.

I. INTRODUCTION and upon results of available extended HFckel MO cal-

The x-ray emission spectra from gaseous methane culations.

and chlorinated methane derivatives have been previous-
ly reported by many authors. LaVilla and Deslattes' II. EXPERIMENTAL
studied the Cl-K$ emission spectra and Ehlert and Matt- Basic details of the experimental approach have been
sonZ reported the C-K and CI-L spectra from four chlo- given elsewhere.tO For high excitation efficiency, an
rLnatedderivativesof methane. G'ilberg3 also studied oxidized copper excitation source was used to create the

-A, the Ka and KA spectra of chlorine in CH5CI and corn- C-Is hole and a carbon excitation source was used to
pared them with the HCI and C12 chlorine spectra. The create the CI-2p hole. The x-ray tube was operated at
ultraviolet-excited photoelectron (UPS) of chloromethanes 8 kV and 150 mA. A lead myristate multilayero was
were measured by Potts et al.' and by Turner et ii.5 us- used as. the analyzer. A "pressure tu'ned" t constant
ing 21 eV photon excitation. The 21 eV excited spectrum flow proportional counter filled with propane at sub-
of CI13CI has been studied by Ragle et al The x-ray atmospheric pressure was used as the detector.
excited photoelectron spectrum (XPS) of methane was Gaseous methane, and CC 4 and CHCI5 were obtained
measured by Hamrin et al.7 The experimental photo- commercially with purities over 99 . For the gas/vapor
electron spectra are in good agreement. Hopfgarten phase, the sample pressure in the gas cell was adjusted

and Manne' provided a molecular orbital (MO) interpre- for maximum fluorescent intensity. 1 Solid methane and
tation of available photoelectron and x-ray emission formanes wreobtainesing.a"closd ce e-
spectra of methane and the chloromethanes on the basis chioromethnes were obtained using a closed cycle re-

of the extended Hiickel molecular orbital calculations peratuo ss cpa of re the at teand confirmed the symnmetry assignmnents of CH5 CI and perature to as low as 10°K. The temperature at the'
cold head was maintained not lower than necessary to

CC,. However, revisions of previous assignments were freeze the samples" and a small constant deposition rate
sug;gested by th~em for CII.Ci2 and CHCI,.freetesmlsadamllcnatdpoionaewas maintained to avoid any possible surface contamina-

In this present work, the C-K emission spectra of tion. All of the spectra presented in this work are the
C114 were measured for the solid and gas phases, the sum of at least three repeated runs with the individual
C-K and CI-L emission spectra of CCI4 and CHCI, were runs reproducible to within statistical deviations. Over
studied in the solid phase, and the Cl-L spectra in the 10' counts were collected at the peak intensity in all spec-
solid phase were cumpared with the vapor phase spec- tra. The spectrometer was calibratedlo using YRh, Mo,
tra. Molecular orbital analysis of these chloromethanes and Nb M lines which include the C-K and CI-L wave-
were based upon the CNDO/2 (Complete Neglect of Dif- length regions. In all of the spectra, the peak intensi-
ferential Overlap) and MINDO/3 (Modified Intermediate ties were normalized and background was not subtracted
Neglect of Differential Overlap) SCF-MO calculations front the data because it was negligibly small. Correc-

tions were made for window transmission, crystal and
counter efficiencies after the data was deconvolved.

"Present address: Department of Physics, ULnlvertitty of Sri
Lanka. Peradentya Campus. Per:idi'nlya, Sri Lanka This A step-scanned spectrum thus obtained was dcon-
work his been tn partinl fulfillment of the University of volved into Voigt spectral components using a computer
Ilawaii requirements for til Ph. 1). in Physics, analysis program developed for low energy x-ray spec-
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*Mulfilayer X-Ray Spect~ro imetLry in th e
20-80 Region: A Mlolecular Orbital Analysis
of CO and CO, in th-C Gas and Solid St~ates

R.C.C. Pererat and B.L. Hlenke
University or ltjwaii. Honolulu, Hawaii 96822. US,%

Optimized inultilayer X-ray spectromnetry, using lead inyristate and lead stearate analyzers (2d values of
80 and 100 A) has been applied to the measurement of the O-Ka and the C- Ya spectral bands from CO
and CO 2 in the gas and solid phases. The 1.11.u spectra were also measured for argon in the gas and solid
states under sirnilsr conditions in order to identify and to minimize any non-molecular components in the
CO and COZ spectra. These molecular orbital data have been related to those obtained with X-ray and
SIlttiolettphotoelectron spectroscopy and grating X-ray spectroscopy. The consistency of the results of
these complementary measurements is excellent. The ionization energies for the C and 0 Is levels have been
deterinined to be 295.4 and 542.0 eV for CO and 296.8 and 540.3 eV for CO 2. The MO data haove also been
compared with that predicted from the symmetry, strength and binding energy of the molecular orbital
spectral components as calculated using the currently available computational models, CNDOI2, MINDOI3.
MNDO. extended IIVckel and ati in itlo. The molecular orbital calculated results for these organic com-
pounds, CO anid CO), are not in as good agreement with the experimental data as previously demonstrated
for molecular orbital spectra measured for C-Kcn and the Ln in bands of Cl, S acid P for both organic and
inorganic compounds.

INTRODUCTION In order to generate the 'cleanest* spectra possible that
3re characteristic of the siniple, singec-electron transitions

* A molecular group of atoms is chemically characterizcd by (and therefore wvhich can be directly and quantitatively
the symimetries, strengths and binding energies of the related to the calculated molecular orbital symmetries.
molecular orbitalds that are generated from the valene ]populations and binding energies), it is necessary to mini-
electrons of &e atoins involved. In recent years, with the mize and to identify extraneous spectral features. For
increased availability of large computers, more accurate example, effects resulting from multiple ionization, high-
programs have been devclopcd for calculating these mtolcco- order diffractiorn and radiation damnage must be minimized.
Jar orbital characteristics.' Because- the more efficient of This can be accomplished by using photon excitation so
these programs are semni-empirical at this time, it is of as to selectively excite the desired initial core level vacancy-
corsiderable value to have precise experimental molecular But even with such selective deposition of the excitation
orbital data on a-selected series of molecular systems as energy, the total spectral energy that is allowved for
carn be obtained! with photoelectron and X-ray spectroscopy. measuiremient is often seriously limited by the requirement
The molecular orbital binding energies can usually be that the excitation dosage should not cause significant
measured within I eV or better by ultraviolet (UPS) or radiation-induced changes in. the sample. In order to meet
X-ray (Xf'S) photoclectron spectroscopy. Tle X-ray spec- the requirement for 'CastI' X-ray spectroscopy, an optimized,
troinetry of the f',uurocsccnt radiation resulhirg fromi siflge high-efficictncy spectroscopy has been developeda12- which
electron transition-. frorn the molecular orbitals into sigve utilizes mizltilayer analyzers such as the lead myristate. lead
ionization vacancits in the nearby, relatively shurp corc stearate and lead lignocerate systems with 2d-spacings of
levels can provide data on the syrmnetries and thc relative abou t 80, 100 and 130 A, respectively. Because Lite tra-ns-
strengthis or thke miolecular oibital components as w.elf. niission functions of the tnultilayer spectrograph can be
For example, the Yet bands of the first-row elemnents reflcct accurtately measured, the attiinable enervy resolution call
the p-character of thec orbitals that are most strnnijy be in the sub-electron-volt rceioti through simple spectral
associated with tlie partficular atoin with the iirti al Is devoti tion procedures. C

vzicanLy. For the second-row elements, in a siilar way, the N1ltilayer rneasurcmncnits of Lte -ninSpectral bands for
KO hands and the L 1  bands measure tlie li-character and the second-row elenrents. Cl. S and 1'. hiave been reported
the s- and d-character, respectively, Of the aSSOCiatCLd froml ilis lat ratoyEa ap,111Z to the nioleendar otbital
molecular orbitals. 11ie-.c KO and Luirdiations are ana~lyses of a selected serics of chliii, sulfur and phos-
mostly in thec 20-1 I00 A sva~elengtlt rerion. X-ray spectro- phollns Compounds. The samiples were pulycrystAlln ar1id -

metry in this long vwavel'rrr'th region requirecs citic r gra/ling it vWa CStaljiihd that t01e 11ruiCC11ir orbital splectrai for die

incidence diffraction gratigs or large d-slyacin- imultil.!yer central atu'ins of thec anions %-ere not affccted sirpificanrlyI
analyiers. by crystal ficid effects (different cations). Mure recently.
t-. Prcsent id'jress: Deparimcni of ltrysics, t1nivr~iy of Sri Lana.. C-K 0 anid Cl -1.1. spectral balid neasureniclits by

l'c;3dcniya canipus, Peraickniya. Sri Lankai. niultilayer X-ray spectronretry have been applied to thie
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X-RAY SPECTROSCOPY IN THE 100-1000 eV REGION

Burton L. HENKE
IJtircirsity of Hawi,s. Department of Physics and A si rnmnomy. 2505 Corea Road. Waranabe I/all. Uloolubdu Hawaii 96822. USA

-Some current methods for achieving low energy X-ray -;pcct roscopy in thc 10- 100 A region are reviewed. G ratings, crystals
and multilaycrs can bc uted as roonocbromaitors or dispcrsive analyzers. Some of the important characteristics ate noted here
which can help to determnine their applicability to a given spect roseopic: analy sis situation. The "trade-orr between resolution and
spectrographic speed (graringt versus nsultilaycrs) may be an important consideration when the number of photons available for
measurement is limited, as, for example, by the excitaticn dosage allowed for a given sample. F~or pulsed X-ray sources and for
time-resolved spectroscopy. special fixed-crystal spcctrographs have been developed. These may be applied with X-ray diodes and
fast oscilloscopes or withs X-ray streak cameras for detction. The optimum design and characterization of the photocathode
systems for such detection have been studied in detail and sonic or the rcstits of this work ar! briefly reviewed.

I1. Introduction

Thte new synchrotron radiation and lascr-produced O0jin

plasmia sourccs can providc pulsed, broad-band radia-
lion in the UJV and X-ray region of such hsig.h minen-
Sity as to present a new dimension for spectroscopic.~
analysis. This may be of particular importance for
low eneigy X-ray spectroscopy in the 10-100 A
region for which high intensity, selective excitation 1. 2 r'.
has generally not been available.

X-ray absorption and emission spectroscopy in this
low energy region is of considerablc interest for thc
measurement of the spectra that originate from tran-
sitions between the outermost electronic levels and _________________________

the relatively sharp, first ore levels. Such valence
band spectroscopy can sensitively reflect the chemi-
cil. optical and electronic properties of matter. 3 l 9 MINUTE( C'-Lit~e

The importance of having continuous selectivity of SPECIPAL RUNS

the excitation for absorption spectrometry is well )VS
kntown, particualarly for extended absorption fine jRADIATION DOSE

structure measurements. Selective, narrow-band ON
No 010excitation Can also present a critical advantage in (C-t.LXClTATION)

errussi'_-n spectrometry by providing "clean" meart- 80G AGE 0
ingftil spfectr3 with a minimum of background radia- 12d, - 79.9 AtI
tion, and by minimizing possible effects of radiation-
induced chtanges in thte sample.

An illustration of the critical role of radiation I ig, 1. Radiation-induced decomposition of polyc-ystalline
damrage in moleculir orbital spectroscopy is presented N3a'IC) 4 . The excitatw.n intensity was simnilas to that
in fig. I. The chlorinc-LII,lll spectra in the ISO - empl.oyed tor the Ct1.t,11 spectroscopy 11.75 x l0, C-Ko

(277 cv) photons/s cm 2 at the sample surracel. The quick250 cV region were mreasured int order ito decermine uans revcal spectral changes corresponding to the appearance
the relative miolecu lar orbital si reng ths of s and (1 -ticiioi products iuch as N aCtO and NaCIO 2 - After
symnitettv's for various rixi'litiori slates if) chltimic three 1wutfs the spectra crrspond toi that lot NaCt

If, IIV. SN NhROTHON RADIATION ol'rlcs
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Evaluation of high efficiency Csl and Cul photocathodes for

soft x-ray diagnostics

E. B. Saloman, J. S Pearlman, and B. L. Henke

The photiiefficiency of Csl and Coli phitimathodes was measured for photions in the 22-240-tV (50-560-A)
energy range, TIhe within-liatch od hatch-ti..latch variation in photoefficiency were studied as was the
ennitivity of the %a~mple% to it trage toiler dry nitrogen. Trhe effect ofexpoxiore to air was investigated. The
shape tit the phiitiefficit'ncy curve-o was fmod to, agree quite welt with that expected from the photoabaoorp-
tion cross sections or the materials. CsI in particulaur appears; useful ansa detector in soft x-ray diagnostics.
especially as a narrawhaud detector in (he lOO-eV Photon energy range where poeak measured efficienciesP
can exceed .10O%, 0*

There has been increased interest recently in tinme- material thickness is larger than~ the primary electron
resolved measturements ofU Mind sort x-ray emfissiotn range,a number 61f lower energy secondar-y electrons are
for the study of picosecond protcesses in fusion plasmoas, created by each primary. In addition, the atoms excited
biological systems. atomic collisions, and photochemnical by the incident radiation decay through fluorescence
reactions. High sensitivity x-ray photocathKles for ust' and Auger processes creating additional electrons. A
in diodes or streak cameras could enhance the capabilit'y- certain number of the secondary electrons reach the
of exist ing diagnostic equtipment used in these research photocathode surface with enough energy to escape.
areas. T'wohigh-sensitivity t~hotocathode surfaices, Csl lTese electrons are measurable as a photoemmston
and CuI,t were evaluated and compared with ain evalt. cuirrent.
orated aluminutm surface. Their efficiences are suhl- The photoemission is p i,iortional to the incident
stantially higher than aluminttm (factors of 5-r?0 near photon energy, the photon absorption characteristics,
100-eV p~hoton energy). and the material's electron properties. From a simple

Several characteristics are important for a photo- phenomenological model, the lphotoemission is pro-
cathode surface to hle useful for ultrafast temporal d i- portional to' IpEp(E)f(E), where I is the incident x-ray
agnostics. These include good efficiency, reproduc - intensity (pljotons/cm2 sec), p is the mass density, E is
ihility from hatch to batch or good exposure and shelf- the photon energy, ju(E) is the mass photoionization
life characteristics,. and a narrow secondary electron cross section, and 1(E) is the fraction of total energy
emission spect rum. In the resuilts reported here, these dleposited that is effective in secondary electron emts-
characteristics are evaluated for Cut and Cs!. sion. This efficiency factor f(E) is strongly material

The electron emnissioin oif a phoitocathoide invotlves dependent. In metals, the predominant secondary
several processes. Absorption of incidfent radititi cecirott generation mechanism is electron -electron
leads to the generation of pritnary electrons. If thu collision-,, while for semiconductors and insulators,

where the mnmber of free conduction electrons is lower.
lprocvst'-;s (ithtr than electron -electron collisions can hle
tuptirt ant. For exam ple, itt semiconductors (Cu I).
hllf pair formation plays an important role in creating
low-~energy electrons, while in insutlators (Csl), elec-

lF. K. Sa ituuuit 'di I S. NaIt I oat Itoi a ,f S tai i daiu to I uti4r tron-photion processes (latt Ice vibratiotn) can be sig-
forRudiauuiu tuser~h Suitrnriiu O.lf~iuut:,nF~u-uui. W 1 ~ tificatnt. TIhe doinaniict ut iliffere-tit generation p~ro-

ingtun. I).C. '20'.!14 .1 S l'earloiiuii waus with I I.s De )mti,rit ia tress" leads to widely Va rvinmg val I es of secondary
E~iptvs t~e t L'e Fisiiu; ii'istiiw it NI,~iI Li,,r~i, ele (ctront production efficiency, as will lbe seen.

Inc.. San IDieg,, CaliI,,rimi 92123);. It 1. Iliuki I% with t Inivi-rit\ .I
Hawiil~~iatuueuI f IIu~ii &Ast~uu~iiv IIiIi ~'It'l " MCiundairy elect ronl geterat loll process not oly

9682.aflecrth le emission efficivo-y bItt also the phottoelec-
He-ieivvil 'I 0, i ,,Ir Iriioo mutteergV distribmliiit. lme!,ented in Fig. I are the

IK~I~t It ~ 14 1/m1s7et ixig rion lititiuiIvct ron etuergy di'.t rilutiis for thfe gold, alti-
tc~t I!'olutuuSu-vi\ --i Aiuir,,,i miumu (cl fect ively Al) A), cnuplwr iodide. and cesium11
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The characterization of x-ray photocathodes in the 0.1-10-keV photon
energy region

B .L. Henke. J. P. Knauer. ) and K. Premaratne pp .1509-y520
Uni'ersity of Hawai4 Honolulu. Hawaii 96822

(Received 25 September 1980; accepted for publication 2 December 1980)

A method and an instrument are described for the measurement of the absolutequantum yield for
front-surface and transmission photocathodes in the 0. 1-10-keV photon energy region. The total
and the secondary electron photoemission yields have been measured for the Al, Au, Cu!, and Cs!
photocathodes as required for the absolute calibration of the x-ray diode detectors and for the x-
ray streak cameras. The relative secondary electron yields have also been measured for the same
photocathodes by high resolution electron spectroscopy of the secondary electron energy
distributions, which are in good agreement with the absolute yield measurements. The secondary
electron yield of CsI is ten to one-hundred times higher than that for Au in the 0. 1-10-keV region
and with a secondary energy distribution that is appreciably sharper. For these reasons, CsI
should bean effective photocathode for sensitive, time-resolved spectroscopy into the picosecond
region. It is verified experimentally that the secondary electron quantum yield varies
approximately as Eu(E ). with E as the photon energy and j(E) as the photoionization cross
section, and that the primary (fast) electron quantum yield is a small fraction of the total yield and
varies approximately as E 2tp(E). A simple model for x-ray photoemission is described which leads
to semiempirical equations for front- and back-surface secondary electron photoemission as based
upon an escape depth parameter that may be obtained from yield-versus-photocathode thickness
data. The model predictions are in good agreement with experiment.

* PACS numbers: 79.60.Cn, 79.60.Eq, 72.10. - d

1. INTRODUCTION the typical streak camera. In Fig. 2 the difference in the arri-

Time-resolved x-ray spectroscopy has become of con- val time at the output end of the streak camera is given as a
s.derable importance in the temperature density composi- function of the energy width A or the secondary electron

tion diagnostics of high-temperature plasmas involved in energy distribution, the extraction field -o and ofthe geome-
controlled thermonuclear fusion studies vwhich utilize laser, try of the camera. In addition to the absolute yield-versus-

particle beam, or magnetic compression-confinement pro- photon energy and the shape of the secondary electron dis-
duction. The time duration of the associated x-ray emission tribution curves, other important characteristics ofthe x-ray

ranges from picoseconds to seconds. Time-resolved x-ray photocathode are its stability, reproducibility, simplicity of

spectroscopy is also important in the development of stper- spectral response, and the linearity of its time response. De-

radiant, pulsed x-ray sources, their application to studies of scribed hcre is a method and an instrument for the measure-

the radiation effects of x-ray bursts upon materials, and the mcnt of the absolute total and secondary electron yields

x-ray analysis of atomic, molecular, and solid-state time-re-
solved processes into the picosecond region.

The electron currents that are emitted by photocath-
odes under x-ray excitation can be a very effective basis for
time resolved spectroscopic measurement using x-ray diode
or streak camera detection. --' In the latter, an 7.-ray spec-
trum can be established along a slit-defined transrnission
photocathod.c of the streak canicra by usin'g focussing filter-
total-reflection monochromator, crystal/muItilayer arrays, S.-;DRIES

S"er systems.In tirnc-resolvd x-ray spectroscopy, the ultimate limit

on the achievable tnie resolution is the quantum conversion PRIMARIES

efficiency of 'he photocathode (which determines signal stat -_,__C____

istics) and the energy spread of the emitted elccrons , is to (eV-_, . 10O 10

noted in Fig. I (which determines the time resolution).' The
relativ,:ly small fraction of rast clectrons that is photuinit- FIG 1. I the 0 1-10 lkcV photon cncrgy region tt-. larger fra,:tin of the

ted i% effectively blocked by the electron optical apertures of elcttoti,, that arc ¢ititntarelhe %ecottday electrons, typically Iaarrow
ditihutitn bclow In cV. The hughet e-ergy. r.%'-t e!c.iron photovtnistiOl
conmvtS of retlicey %.iarr elh itall' scattered phot.elctrons 3;,d Autger

fPrv-"nt addrecs l.oekl~ceJ, I.MSC I'.rln Altm Rec,,irch L.aIrrator), Org ckt trori "h oos , vth iltli 3 much i.,(}cr riunbe of 1,10.1,icalty sc.i1trtrd

52. I1. flu lIifg 203. ,321 I tar,.¢rc Street, Ialo Altn. C Ifurim, '3S3(" ele.trotw i, thcir low -cct. t111 geg;i.tl

1, 1593 J. Appl, Phyr. 52(31, March 1931 002 1.8979t ,/1150:1. 2S1I, 10 C 1981 Am.rican fflahtuteotysscs 1501



1981, -Monterey (American Institute of Physics, New York, 1981) pp. 146-155.

Low Energy X-Ray Interactions: Photoionization, Scattering, Specular and jr. Reflection (
B. L. Henke

University of Hawaii, Department of Physics and Astronomy, Honolulu, Hawaii 96822

ABSTRACT

For the low energy x-ray region of 100-2000 eV, the complete atomic interaction. coherent scattering and
photoelectric absorption can-be described by a complex scattering amplitude which may be given through the atomic
scattering factor, f1 + If2., For this low.photon energy region, it is shown by the relativistic quantum disper-
sion theory that the atomic scattering factors can be uniquely determined from simple relations involving only the
atomic photoionization cross section dependence upon photon energy. We have compiled "state of the art" tables
for the photoionization cross sections for 94 elements and for the photon energy region of 30- 10,000 eV. Vith
this compilation, we have established atomic scattering factor tables for the 100-2000 eV region. By a surniing of
the complex, atomic scattering amplitudes, a low energy x-ray interaction can be determined. Even for atoms in
the molecular or solid state the scattering cross sections remain atomic-like except for photon energies very near
the thresholds. Using practical examples, the methods of calculation, with the atomic scattering factors, are
reviewed here for the following: 1) x-ray energy deposition within materials (energy response of x-ray photo-
cathodes); 2) transmission through a homogeneous mediu,: refraction; 3) transmission through a random collection
of uniform spheres: low angle scattering in an inhomogeneous medium; 4) specular. Fresnel reflection (total and
large angle reflection) at smooth boundary; and 5) Bragg reflection from a periodic, layered system--(reflection
by crystals and multilayers).

I. INTRODUCTION--THE ATCHIC SCATTERING FACTORS factor, P(20), of the Thomsonian term. P(29) is equal
to unity or cos 2e depending upon whether the incident

In this review, we would like to discuss, for the electric vector is perpendicular to or parallel to the
low energy x-ray region (100-2000 eV region), how the plane of scattering. As will be discussed below, the
interactions of absorption, scattering and reflection relative roles of the coherent scattering and the photo-
can be well described by using the atomic scattering electric abscrption will be expressed through f, and f2,
factors as the primary parameters for the material respectively.
system. In the Appendix of theseproceedings we present
tables for the ato;mnic scattering factors as directly The relativistic quantum dispersion theory for
derived from a recent work (1] on a "state of the art" atorric scattering and the calculation of the atomic
compilation of the photoioiization cross sections for scattering factors has been presented by Cromer and
94 elements for the 30-10,000 eV region, along with the Lieberman (4] and by Jensen [5] (along with their
calculated atomic scattering factors for the 100-2000eV references). In Fig. 2 are shown their results includ-
photon energy region. We present here, as applied to ing the relativistic corrections, dfr to the semiclassi-
selected examples of relevance in low energy x-ray cal. usual relations for f, and f2. Here Z is the
diagnostics, some basic procedures for predicting low atomic number, h Planck's constant, mc rest mass ener-
energy x-ray interactions. gy of the electron, Etot the total energy of the aton

The interaction physics for the conventional x-ray and E the photon energy. Crcer and tieberman have
region (for photon energies above 1000 eV) has been pre- estimated Etot (a negative quantity) for all the
sented by many excellent texts including that of Compton elements and from their table we have fit the foiloding
and Allison (2) and R. W. James [3). What is summarized polynomial for the larger term in Afr.
here is an extension and specialization of this physics
that is useful for the long wavelength x-ray region of V xt10 lZ
10-100 A. _ 1ct 2.19 x 1.03 lO-"Z2

For the low energy x-rays, the interaction 
can be

defined as simply coherent scattering and photoelectric
absorption. Incoherent scattering is negligible. The
complete interaction with an atom may thus be described LOW ENERGY X-RAY SCATTERING
by a complex scattered amplitude defincd by an atc;nic
scattering factor. f, I if 2 ,as depicted in Figs. 1 &2. The
scattered amplitude is given by this factor multiplied
by that amplitude which would be scattered if the atom a>> ATOMIC OIAMETER o
were replaced by a free, Thomsonian electron. Here, re

. is the cldssical electron radius, m the electron nass, 29
c the velocity of light and R the distance from the !
atom to the point of measurement. Because the wave-
lengths of interest are large as compared with the ATOM
dimensions of the electron distributions within the
atom, we make the important assumption here that essen- SINGLE ELECTRON X ATOMIC
tially all electrons will scatter effectively in phase SCATTERING AMPLIIUDE SCATTERING FACTOR
for all but the largest angles of scattering so that the
atomic scattering factor components, f, and f,, may be Uo__ (X)
considered angle independent. The complex anplitude of L R 2(X)l
atomic scattering therefore will be dependent only upon
the anqle of scattering, 20, through the polarization Figure 1

jI
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Low Energy 1 Spectroscopy with Crystals and Multilayers
A

B. L. Henke

University of Hawaii. Department of Physics and Astronomy, Honolulu, Hawaii 96822

ABSTRACT

The molecular and sputtered/evaporated multilayers and the acid phthalate crystals can be applied for
relatively fast, high efficiency spectral analysis of constant and pulsed low energy x-ray sources in the 100 to
2000 eV region. Limits of resolution are about 1 eV. Reviewed here are the basic methods for the theoretical and
the experimental characterization of these analyzers as required for absolute x-ray spectrometry. The design and
absolute calibration of spectrographs for pulsed low energy x-ray source diagnostics are described.Y.

1. lITRODUCTION--GRATING VS BRAGG SPECTRO4ETRY resolved data collection which permitted an extrapola-
tion to a "zero-dose" spectrum. Resolution enhancement

Generally, the grazing incidence, diffraction was used to bring the energy resolution of this
grating spectrometry and the large angle Bragg diffrac- measurement to about 0.5 eV, using a lead myristate,
tion spectrometry are complementary. Grating spectro- molecular multilayer analyzer.
graphs can yield lower limits of resolution (<0.1 eV)
but with relatively small aperture and low dispersion.
The crystal/multilayer spectrographs are of higher
limits of resolution (>0.5 eV) but with simpler and
more flexible large angle geonetry and with high dis- CHEMICAL CHANGES
persian. The crystal/multi layer spectrographs are of
large aperture with an overall spectrographic speed INDUCED BY
that is considerably higher for constant source and 15 1013 C-K. (277eV) PHOTONS/SEC-CM 2

somewhat higher for pulsed source spectroscopy. A
precise intensity and window profile calibration of the
crystal/multilayer instrument is more easily attainable.
Having accurately characterized instrument window
functions permits an effective resolution enhancement 0 30min.
in the crystal/multilayer spectrometry by simple
deconvolution procedures. The two spectrographic

' ~ approaches are clearly complementary, and. ideally,
both the grating and the crystal/multilayer spectro-

.,-graphs should be applied for an optimized analysis of
many spectroscopic problem;. (For a comprehensive
review of grating spectrometry, see that by E. IGillne
in these Proceedings.)

Even with very intense excitation sources such as
some synchrotron/storage ring and high temperature
plasma sources-, it may be that the crystal/multilayer I h2 h.
spectrographs must still be used because the number of
photons actually available for proper spectroscopic
analysis is limited by other factors. The higher spec-
trographic speed may be required to achieve satisfac-
tory statistics along with high temporal resolution in
tine-resolved spectroscopy. Primary monchromators may
be required for needed selective excitation of
spectroscopic samples which in turn may seriously limit
the intensity available for high resolution spectros-
copy. Finally, the spectroscopic sample may suffer

V4 .-appreciable radiation damage under the excitation dose 3hr.
that nsy be req-uired for a given spectrographic 9-MINUTE CI-LU.M
mea.urement. An example of this type of problem is SPECTRAL RUNS
shown in Fig. 1. A low energy x-ray spectral analysis
for the molecular orbital configuration of the VS
crystalline solid samDle of sodium perchlorate by a RADIATION DOSE
relatively fast, flat crystal spectrograph requires ON
approximately three hours for one percent statistics.
As shown here, with nine-minute scans through this NoCIO 4
period, the sa-ple is steadily reduced through sucess- - (C-KEXCITATION)
ive oxidation states with the last scan revealing the 48.5' 695"
molecular orbital spectrum that is characteristic of BRAGG ANGLE- 0
Cal. A successful analysis of this sample was i2d~f- 00.0 .)"

possible (l.2) only by distributing the dosage over
eight samples using selective excitation by photons of
.energy for which the photoionfzation process that is Figure 1

* required has the highest cross section and using time

o p' ~ J . A p %~ % .
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APPENDIX: THE ATOMIC SCATTERING. FACTOR, fl + if 2 , FOR

94 ELEMENTS AND FOR THE 100 TO 2000 eV PHOTON ENERGY REGION"

B. L. Henke, P. Lee, T. J. Tanaka,

R. L. Shimabukuro and B. X. Fujikawa

University of Hawaii
Department of Physics and Astronomy

Honolulu, Hawaii 96822

In a recent work,' a "state of the art" evaluation and fitting of the best
available experimental and theoretical photoabsorption cross sections has been presented
for the 30 to 10.000 eV region. Using the quantum dispersion relations, the atomic
scattering factors were uniquely determined from the photoabsorption cross section
data for the low-energy x-rays. In Ref. 1, the original data were given at fifty
laboratory wavelengths along with compi~lation references and a description of the
fitting procedures. Presented here are the f, and f, values which have been inter-
polated at regular intervals.

As discussed In the review papers of these Proceedings by Henke."' the f, and
fa parameters may be applied to calculate the low-energy x-ray interactions--absorp-
tion. scattering, specular and Bragg reflection.

The corresponding value for the photoabsorption cross section is related to fz by
Eu(E) - Kf,. where K for a given element is presented at the end of each f,/f, table
for a given element In keV-cm2/gram units. For EV(E) in eV-barns/atom units, K is
equal to 6.987 x 10' for all atoms.

The tables are presented here at 125 values of photon energy. E(eV). and wave-
length. A(A), with logarithmically spaced intervals by truncating to the nearest
electron volt the energy as given by

E .100 X 10(11 logZ20)/124 eV.

This expression may be used for convenient ccmputer calculation and plotting of
functions of ft and fa as indexed here by N. (ft and f1 have been precisely inter-
polated for the truncated E values listed in these tables.) The approximate X. L and
M absorption edge positions are identified within the tables.

For the shorter wavelengths and for the larger angles of scattering, the accuracy

of these atomic scattering factors might be imprcved by the inclusion of two small
correction terms for relativistics and charge distribution effects. Such corrections
can become of relative importance when the magnitude of the scattering factor has been

: appreciably reduced by anomalous dispersion. As is discussed in Refs. I and 2, the
modified scattering factor becomes simply f = ft - Afr - Af + if2, where the
relativistic correction, Air, is equal to (5/3)Etot/mc. which has been tabulated
by Cromer and Liberman' for Z= 3 to Z- 92; and the charge distribution correction.
Afa. is equal to (Z - fa). where f* is the atomic form factor which recently has been
tabulated as a function of (sina/)) by Hubbell and ver.- (Note: e(Hubbell) =

20 (Henke).) For (sine/A < .05 A-', f, - Z. and for (sine/A) - 0.1 A , f, - 0.9 Z J'

for most elements. An estirate of the value for the relativistic correction, Lir.
may be given by'o Afr 2.19 , 10"'Z3 + 1.03 x 10- z .

*The f1/f, data as originally presented in the Monterey Conference Proceedings have
been re-evaluated and some small inprovements in the fittings have been included here
in the photon energy region below about 300 eV for 26 elements as based, in part, upon

., newly acquired photoabsorption data.

'"Low Energy X-Ray Interaction Coefficients: Photoabsorption, Scattering and Reflection."
B. L. Henke, P. Lee, T. J. Tanaka, R. L. Shirrabukuro and B. K. Fujikawa, Atomic Data

-*. "and Nu .clear Data Tables 27 (1982).

'*Low Energy X-Ray Interactions: Photoionization, Scattering, Specular and Bragg
Reflection." B. L. Henke, AIP Conference Proceedings No. 75, Low Energy X-Ray
Diagnostics-198, Monterey (Ar-erican Institute of Physics, Nlew York, 1981).

2"Low Energy X-Ray Spectroscopy with Crystals and Multilayers," B. L. Henke. AIP Con-
ference Proceedings NIo. 75, Lcw Energy X-Ray Diagnostics-19L l. Monterey (Arerican
Institute of Physics, New York, 198!).

4O. T. Croner and 0. Libernan, J. Chem. Phys. 53. 1891 (1970).

'J. H. Hubbell and 1. Overbo, J. Phys. Chen. Ref. Data 8, 69 (1979).
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- C. ,. X-RAY DIFFRACTION IN MULTILAYERS

Ping LEE *
University of Hawaii. Honolulu. Hawaii 96822. USA

Received 23 October 1980
Revisud manuscript received 19 January 1981

Diffraction of X-rays in multilayer systems such as the molecular and the evaporated/sputtered multi-layers have been
studied baved upon the optics of thin films. General solutions for the intensity profiles of x-ray diffraction from multi-
layers of finite thickness have been obtained for angles of incidence outside the total reflection region. It is also shown
that the optical expression for diffraction in the x-ray region by periodic systems agree with the conventional crystal dif-
fraction theories.

I, Introduction The calculated intensities of x-ray diffraction from
ESM have been based upon the optics of thin films.

Improved experimental techniques have generated This approach is the summation of all the reflection
considerable interest in the application of evaporated and refraction fields of x-rays at the plane interface
(I I and sputtered (21 ttultilayers (ESM) as analyzers of two adjacent media of different index of refraction,
and monochromators in the ultrasoft x-ray region n. Numerous authors have given expressions for the
(10- 100 A). Variable film thicknesses and materials intensity ratio of the incident beam to the reflected
enable ESM to operate in regions between acid beani of a finite number of films in terms of recursion
phthalate crystals and the molecular multilayers such formulae [6 -81. Recently the peak reflectivity for
as the Langmuir-Blodgett systems. ESM with two films per period has been obtained in

For crystals, there are two principle theories which closed form [91.
may be invoked to account for the intensities ob- It is the intention of this communication to extend
served in x-ray diffraction studies. The kinematical the theory of x-ray diffraction by ESM and to unify
theory assumes that there is no appreciable absorp- the crystal x-ray diffraction theory with the theory of
tion or multiple reflection of radiation in the crystal interference films. Sect. 2.1 considers the case of N
medium and hence is valid only for extremely thin periodic multilayers with two films per period. Expres-
crystals. Dynamical theory, on the other hand, takes sions for the profile of the diffracted beam has been
into account all wave interactions within the crystal, derived in closed form for all angles of incidence
and must be used whenever diffraction by large per- outside the total reflection region. Sect. 2.2 deals
fect crystals is of interest. As a general rule, if the with the general case ofs layers per period. Sect. 3
thickness of the diffraction region and the reflection generalizes the formalism developed in the previous
per plane are stufficicnitly snia!, that multiple interplay section to the case of x-ray diffraction by crystals. Dif-

of beams is negligible, then the results predicted by fraction formulae valid for arbitrary number of layers
the dynamical diffraction formulae (i.e., Darwin- are given. The final sect. 4 gives a comparison for
Prins or Ewald models) approach those predicted by various N, of the calculated diffraction profiles for a
the kinematical formutl~a [3--51. few of the crystals and multilayers of current interest.
* Permancnt JddFcs: Los Al;mmj n Scientific Laboratory, P.O. Considerable algebraic simplification in the x-ray
box 1663, Los Alimos, New Me.ico 87544. region results from the refractive index, n, being nearly
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LOW-ENERGY X-RAY INTERACI0IN COEFFICIENTS: PIIOTOABSORPTION,

SCATTERING, AND REFLECTION-

E = 100-2000 eV 7. = 1-94

B. L. HENKE, P. LEE, T. 1. TANAKA, R. L. SIIIMABUKURO, and B. K. FUJIKAWA

Department or Physics and Astronomy
University of 14awaii

Honolulu. Hawaii 96822

The primary low-energy x-ray intcractions within matter are photoabsorption and coherent
-.- scattering, which can be efficiently described for photon energies outside the threshold regions by

using atomic scattering factors. These may be uniquely determined through quantum dispersion
relations-from photoabsorption data. With the available fittings of the photoabsorption cross sections
and with a new compilation of such data for lhe region 30-300 eV, continuous sets of the pho-
toabsorption cross sections from 30 to 10 000 cV have been determined for 94 elements. With these.
for the region 100-2000 eV, atomic scattering factors which arc independent of scattering angle
and which include the relatively strong anomalous dispersion structures have been obtained. Methods
are reviewed and currently important examplcs of the application of atomic scattering factors to
the detailed characterization or selected x-ray mnirror monochromators and of Bragg multilayer and
crystal analyzers for low-energy x-ray analysis are presented.
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THE STABILITY OF CESIUM IODIDF X.RAY l'IlOTOCATH-ODESI

K. PREMARATNE "' E.R. DIETZ and B.L. HENKE
Uniwru,,. of INo'ai. Hornolulu. Hawaii 9682.1. US.A.

Received 18 August 1982

For pulsed X-ray measurements as applied. for example, in high temperature plasma diagnostics, it has been established that the
cesium iodide photocathode is very efficient for X-ray diode and streak camera applications. Its quantum yield (electrons/incident
photon) is ten to one-hundred times higher than that for the gold ph ocathodc in the 100-10000 eV region. The width of its
secondary electron energy distribution is appreciably less than th1al fr gold. allowing time resolved. streak camera measurements to be
extended into the picosecond region. In this note an experimtental study is described which demnonstrates that the cesium iodide
photocathode quantum yield and secondary eletron energy distribution can be stable tunder practical conditions of preparation.
handling storage and short period exposures to the atmosphere.

1. Introduction vacuum deposited upon microscope slides. The evapora-
tion source was a tungsten boat with a perforated lid,

orQuantitative measurements of X-ray emissions, as placed 12 cm from the substrates. As previously de-
frhigh temperature plasma iagnostics. require aiccu. tvrmmned 13) to be optimum ror low-energy X-ray photo-

rately calibrated, often time-resolved spectroscopy. TJ~c casthodes, the thi..kness of the cesium iodide samples
rsensitivity and reproducibility of X-ray defectors such was chosen to be 2000 A (measured by multiple-beamn

as X-ray streak cameras and X-ray diodes depend prim- inteirferomectry). Its purity was 99.99%. Gold samples
arily upon the X-ray photoemission characteristics (if were vacuum deposited to about 700 A thickness using
the photocathode material which is used for the conver- a tungsten spiral basket for the evaporations source. All
sion of incident X-ray phsotons to photoel~ectrons. Our samples 'Acre handled in a dry nitrogen atmosphere
recent investigations [1 l-41 and those of other investiga- during transfer and storage. At the completion of
tors f5-91 have shown that cesium iodide can be a very evaporations. the samples were divided into four groups
practical photocathode material with important ad- with two cesium iodide samples and two gold samples
vantages as compared with those or the conventional in each. One (group 1) was immediately placed in an
photocathodes, gold and aluminum 1101, because of its instrumient for absolute quantum yield measurement 13).
high quantum efficiency and its relatively narrow see- and another (group 2) into a hemispherical analyzer
ondlary energy distribution. We have also found that electron spectrograph [1.3,101 for the secondary electron
under-practical preparation conditions (101 Tort. LN- energy distribution measurements. The remaining two
trapped vacuum evaporation), the reproducibility of the (groups 3 and 4) were stored in dry nitrogen and in
photocathode quantum yields and secondary electron argon. respectively. Total quantum yields of the samples
distributions (batch to hatch) is well within a few per- -ere measured daily for thirty days. The pressure in the
cent. This note describes an investigation of the stahilt sample chamber was 10-7 Tort. The yield and see-
of the cesium iodide photocathode Lntder practical ondairv electron distribution measurements were made
working conditions. For comparison. the stithility of the Witlt Mg K., (1254 e\') photon excitation. Shown in
gold photocathode has alto been studied tinder similar rig. 1 is a plot of the total quantum yield-s's-age for
Working conditioni. cesluni iodide and goldl samples which indicates that for

both photocalhodcs the variation in quantum yield over
thtity daiys in vacuum was not more than 2%.

*"2. The e4;-nriment A t thc contpktion of the quantum yield measure-
meiti- js, taken over the thirty-day period, the samples

The phiocethode samples were i-tcutini evauporaitedt stored in dry nitrogen (group 3) and argon (group 4)
onto 000 A thick chrorstium ,tihstrtevs which were \&ere niC'Astired along with group I samples for a direct

coniparisoi of their quantum yields. Vartations in the
*Present ,iddic%% t)cpirinwni of Phv~...s. tUniversity tif Sri vield valiues anrlong all of three groups wecre Within 3%

Lanka. t'radcniya Carmpvis. I'ridenisvi, Sri Lanka j.is o shIt il Ilk;fi. 2.
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Pulsed plasma source spectrometry in the 80-8000-eV x-ray region
B. L Henke, H. T. Yamada, and T. J. Tanaka

Department of Physics andAstronomy. University of Hawaii. Honolulu. Hawaii 96822
(Received 4 February 1983; accepted for publication 10 June 1983)

The general characteristics are compared for the plane, convex, and concave fixed crystal
analyzers which may be applied to the spectrometry of concentrated, intense plasma sources ofx
radiation involved, for example, in fusion energy and x-ray laser research. The unique advantages

"- ."~ of the elliptical analyzer for precise and absolute spectral measurements are noted 'and detailed
descriptions of its geometrical and physical optics are presented. With a source point at one of the
foci of the elliptical analyzer profile, the spectrum is Bragg reflected (45" < 28 < 135) at normal
incidence upon a detection circle with its center at the second focal point, at which an effective
scatter aperture and filter window is located. A primary monochromator consisting of a
cylindrical, grazing-incidence mirror is placed between the source and the analyzer to provide an
efficient cutoff for high-order diffracted background radiation and to focus the divergent rays so
as to obtain an adjustable spectral line length at the detection circle. Photographic film may be
transported along the detection circle. Linear position-sensitive electronic detection arrays or a

-streak camera slit window may be placed along a chord of the detection circ!e. Calibration
* procedures for absolute line and continuum intensity measurement are described and examples of

calibrating spectra are presented as measured with elliptical analyzers of LiF. PET, KAP, and
molecular multilayers for the 80-8000-eV photon energy region. The instrumental effects that
contribute to the spectral line shape as measured by the elliptical analyzer spectrograph are
defined and a simple line-shape analysis procedure is presented for the determination of the line-
broadening contributions of the source. The effects of an off-axis positioning of a source point and
of an extended source are analyzed and the application of the elliptical analyzer spectrograph for
one- and two-dimensional imaging or an extended source at a given photon energy is discussed.
Finally, methods and materials for the construction of the elliptical analyzers are described.

PACS numbers: 52.25.Ps, 52.70.Kz, 07.85. + n

-p INTRODUCTION axis source points relative to alignment procedures for point

Through the last decade very intense and concentrated sources and to one- and two-dimensional imaging for ex-
tended sources. In Appendix'A methods for constructing the

,. .. pulsed sources of x radiation have been developed. Notable elliptically.curved analyzers are discussed: In Appendix B a
among these have been the laser-produced plasma sources.
In addition, improved versions of the discharge-type sources anr lAN program is presented for resolution enhancement
havebecome available, e.g., the Z-pinch, exploding wire, and
imploding linear sources. These are being applied in high-
temperature plasma physics research generally, in the spec- I. THE FIXED CRYSTAL ANALYZERS
troscopy of highly ionized atomic species, in fusion energy

S and x-ray laser re earch, and in the development of x-ray The spectrum that is projected by the fixed crystal ana-
microscopy and lithography. lyzers may be characterized geometrically by three basic pa-

For the characterization and application of these new rameters: (I) the angleX of a ray from a point source that is
sources there has arisen an important need for precise and reflected by a differential section of the diffracting analyzer,
absolute pulsed x-ray source spectrometry for both large and (2) the associated Bragg angle 0 made at the point of inci-
narrow spectral range measurement.': To meet this need, a dence upon the analyzer, and (3) the angle .6 which is mea-
fixed elliptical analyzer spectrograph has been developed for sured from a line through the crossoverpoint of the differen-
the 100-10 0rX-eV photon energy region. Described here are tial bundle of rays as defined by the small variations d and
its basic characteristics and design, its calibration, and its 60. The relationship between the variables X. 0. and .6 is
application. illustrated in Fig. I and given by

In Sec. I a comparison is presented of pulsed source X' = 20 - ,
spectroscopy with plane, convex, and concave (elliptical) from which
fixed analyzers. In Sec. I1 the geometrical optics for elliptical
analyzer spectroscopy is presented. In Sec. I I the determin- dt/dO = 2 - dfl dO. (1)
ation, theoretically and experimentally, of the transmission The angle fl is intended here to measure effectively a position
characteristics of the elliptical analyzer spectrograph is de- in the spectrum in the detection space. Because often one can
scribed. Spectral line-shape functions are presented in Sec. choose a fixed crystal geometry for which the crossover posi-
IV. And, finally, discussed in Sec. V, are the effects of off- tions are the same (or nearly so) for a relatively large spectral

1311 Rev. Sc. Instrum. 54 (10), October 1983 0034-6748/83/101 311-20501.30 ( 1983 American institute of Physics 1311
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Low Energy X-Ray Response of Photographic Films:

Part I. Mathematical Models
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H. T. Yamada and G. C. Young

University of Hawaii
Honolulu, Hawaii 96822

ABSTRACT

Relatively simple mathematical models are
developed for optical density as a function of
the x-ray intensity, its angle of incidence and
photon energy in the 100-10,000 eV region for
monolayer and emulsion types of photographic
films. Semi-empirical relations have been
applied to characterize a monolayer film, Kodak
101-07, and an emulsion type film, Kodak RAR
2497, which fit calibration data at nine photon
energies well within typical experimental
error.
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ABSTRACT

Optical density vs exposure data have been obtained
at nine photon energies in the 100-2000 eV x-ray region
for five spectroscopic films (Kodak's 101-07, SB-392, RAR
2492, 2495 and 2497). These data were determined opera-
tionally by a direct comparison of the peak absolute
intensities of spectral lines measured with a calibrated
proportional counter and the microdensitometer tracings
of the corresponding photographically recorded spectral
lines. Film resolution limits were deduced from an
analysis of contact microradiograms of linear zone plates
constructed of ,gold bars. The relationship between the
specular densities as measured here and the diffuse den-
sities have been experimentally determined for the five
films. Finally, experimental measurements of the
optical density vs the angle of incidence of exposing
radiation of constant intensity were obtained. These
data, relating densuity to the: x-ray intensity, its photon
energy and angle of incidence are shown to be fit very
satisfactorily in the 100-10,000 eV region by the semi-
empirical mathematical model relations which have been
derived in Part I of this work.
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PHOTON CDUNTING EFFICIENCY WITH HIGH AND LOW DENSITY

CsI PHOTOCATHODES IN THE 100-10,000 eV REGION*

B. L. Henke, K. S. Tan and P. Y. Maeda

Department of Physics and Astronomy
University of Hawaii

Honolulu,, Hawaii 96822

ABSTRACT

The low density CsI photocathodes have been optimized to yield
relatively durable, stable and efficient systems for photon counting in the
100-10,000 eV x-ray region. Large area transmission photocathodes have
been constructed which may be coupled to microchannel plate amplifiers for
position-sensitive detection. The high density Cs! is obtained by high
vacuum evaporation. The low density, "fluffy" Csl is obtained by evapora-
tion in 15-20 Torr of argon or nitrogen. For the low density CsI photo-
cathodes, the photon counting efficiency is 60% at 100 eV and 20% at
6000 eV, and two to ten times higher than the efficiencies obtained with
the high density CsI in the 100-10,000 eV region. The energy distributions
of the photoemitted secondary electrons have been measured to be similar
for the high and low density photocathodes and with about two eV full-
width-at-half-maximum. The high efficiencies and relatively narrow emitted
electron energy distributions have made the CsI transmission photocathodes
particularly useful in x-ray streak camera applications. The electron
generation statistics, such as the average number of electrons that are
emitted per photon, have been determined by comparing the photon counting
efficiencies to the corresponding absolute quantum yield values. For
example, at 1254 eV, about 11 electrons per incident photon are emitted
from a 2000 A, high density CsI transmission photocathode.

*This program is supported by the Air Force Office of Scientific Research

under Grant No. 84-0001, and, in part, by a supplemental contract from the
Department of Energy, No. DE-ASO8-81DP40153.
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X-Ray Diagnostics of Laser Plasmas with a

Calibrated Elliptical Analyzer Spectrograph*

Tina J. Tanaka

Department of Physics and Astronomy
University of Hawaii

Honolulu, Hawaii 96822

ABSTRACT

An elliptical analyzer spectrograph was calibrated and applied to a
laser produced plasma for the measurement of x-ray spectra from 100-2000
eV. Advantages of this particuilar spectrograph geometry include the focuss-
ing provided by the elliptical analyzer. A scatter aperture placed at a focal
point of the ellipse serves to pass the reflected x-rays while blocking stray
radiation. Another feature is normal incidence of the x-rays to the detector
surface. Each component of the spectrograph was calibrated separately at

--. characteristic line energies. These components include Langmuir-Blodgett
multilayers and a potassium acid phthalate crystal bent into elliptical forms,
flat fused quartz grazing incidence mirrors, thin film filters, and Kodak 2497
film. Each of these components except for the film were modeled using
scattering factor tables by Henke et al. to estimate efficiencies for energies

*between calibration lines. Several models for calculation of Bragg reflection
are presented for use with sputtered/evaporated multilayers which may be
used in future spectrographs. The photographic sensitivity data was based
on smooth curves fit through the calibration line data between the absorp-

_ . tion edges. A Nd glass laser was used to produce plasmas from planar tar-
gets of aluminum, gold, teflon, boron carbide and nickel. The average laser
intensity was 4.5 ± 0.5 x 10l'atts/cmI in a pulse length of 6.Sns. Other
instruments used in the experiment included an x-ray photodtode array, aSi-PIN diode array, pinhole cameras, a de-Broglie KAP crystal spectrograph
and a Thompson parabola ion analyzer. Absolute yields measured by the
phoiodiode arrays were unfolded and compared to the results obtained with
the el!iptical analyzer over similar energy ranges. For energies about 300 eV,
the integrated absolute yields were within a factor of 5 of each other while
below 300 eV, the integrated yields were a factor of 1000 different. Line
intensities of hydrogen.-like and helium-like ions were used to calculate
the terrperatures of the B C, teflon and aluminum plasmas. These were
calculated from local thermodynamic equilibrium and coronal models. For
the aluminum plasma a temperature of 775 ± 50 eV was measured using the
coronal model, while using the continuum slope from the photodiode arrays
yielded temperatures of 400 ± 100 eV and 1000 _ 100 eV. These two
temperatures were obtained over different photon energy ranges. Electron
densities which were calculated using a coronal model were found to be '"

(5.5 ± 0.6) x 101 ?lectrons/cm for the aluminum plasma. .4

A dissertation submitted to the graduite division of the University of Hawaii
in partial fulfillment of the requirements for the degree of Doctor of Philisophy
in Physics, May 1983.
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ATWO-CHANNEL ELLIPTICAL ANALYZER SPECTROGRAPH

FOR ABSOLUTE, TIME-RESOLVING/TI'E-INTEGRATING
SPECTROMETRY OF ICF PLASMAS IN THE

100-10,000 eV REGION*

B. L. Henke and P. A. Joanimagi

: ®-

Department of Physics and Astronomy
University of Hawaii

Honolulu, Hawaii 96822

A new spectrograph system has been recently developed
and calibrated for absolute spectrometry of [CF plasmas In
the 100-10,000 eV region. This spectral region Is analyzed
with fixed elliptically curved crystals of LiF, PET and RAP,
and with molecular multilayers of 2d-values in the 70-160 A
range. Twin channels are utilized for simultaneous time-
Integrating photographic recording and for time-resolving,
x-ray streak camera recording. Absolute calibrations of
the elliptical analyzers, of the Photographic film and of-
gold and low and high density Cs transmission photocothodes
have been made using monoenergetic, DC laboratory x-ray
sources. The Instrument has been designed for mounting
upon a 4-Inch port of a two-meter diameter source chamber
and Includes an appendage, high-vacuum, sputter-on Pumping

system. The final testing and application of this new
spectrograph will be on the University of Rochester's LLE
2-4-beom Omega source.

*This program on Low-Energy X-Ro y Physics and Technology Is

supported by AFOSR Grant 79-0027 and by DOE/NLUF Contract
No. DE-ASo-82DP40175.
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300-CHANNEL, LARGE APERTURE PICOSECOND

X-RAY STREAK CAMERA*

P. A. Joanimagi and B. L. Henke

Department of Physics and Astronomy
University of Hawaii

Honolulu, Hawaii 96822

We report on the design of a picosecond x-ray streak
camera for laser plasma interaction studies in the 100 eV

S - to 10 keV spectral range, The camera incorporates a 1 mm

by 40 mm input slit and demagnified electron imaging, and
can resolve 300 spatial resolution elements with a 10 ps

time resolution. A numerical electron optics ray trace
code has enabled optimization of the electrode geometry.

*Comparisons of Au, Csl and low density CsI for x-ray
photocathode materials are also reported.

Ii

*This research is supported by DOE/NLUF Contract No.

DE-ASO8-82DP40175 and by AFOSR Grant 79-0027.

--s ... Presented at the 25th Annual Meeting of the Division of

Plasma Physics, American Physical Society, Los Angeles,
Session 5U, November 9, 1983.
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NOTES ON THE MODIFICATIONS 4ND USAGE OF THE

SLAC-UH ELECTRON TRAJECTORY PROGRAM, LENS

P. A. Jaanimagi

Department of Physics and Astronomy
University of Hawaii

Honolulu, Hawaii 96822

ABSTRACT

This report is to be used with SLAC Report No.
166 (September 1973), and additional notes by J. P.
Knauer on the use of the LENS program at the University
of Hawaii. The modifications to the LENS program can
be categorized under three sections and are discussed.
1) In the spirit of saving computational time and
space, sections of the FORTRAN source code were redone
or "cleaned up." A few examples are given. 2) The
quantitative accuracy of the program was questioned as

*problems were encountered with energy conservation for
even simple electron trajectories through "smooth"
electrostatic gradients and fields. 3) Some variables
were added to allow more user control in the program's
operation.
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A NEW, HIGH SENSITIVITY.-

LOW-ENERGY X-RAY SPECTROGRAPHIC FACILITY

B.L. Henke

Department of Physics and Astronomy
University of Hawaii

Honolulu, Hawaii 96822

This report describes a "state of the art" focussing

spectrograph with position sensitive detection for the low-
energy x-ray region (100-1000 eV). It utilizes curved
"crystal" analyzers as the molecular multilayers which have
been developed in this laboratory and the new sputtered/
evaporated multilayer analyzers which are now being eval'ia-
ted by this project. The 2d spacings of these multilayers
analyzers range from 30 to 160 A. A major effort of this

S. .long-standing program has been the development of precise
and efficient spectroscopy for tile low-energy x-ray region.
This new focussing system will complement well the scanning
flat crystal spectrometry and the fixed, elliptically curved
crystal spectrometry that have been established under this
program. The two established spectrographs have been
developed for the absolute, low-energy measurements--the
focussing system is aligned for studies for which maximum
spectroscopic sensitivity is required (e.g., time resoived
spectroscopic analyses of radiation damage).
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Pulsed plasma source spectrometry in the 80-8000-eV x-ray region
B.L. Henke, H. T. Yamada, and T. J. Tanaka

Department of Physics and Astronomy, University of Hawaii, Honolulu, Hawaii 96822

(Received 4 February 1983; accepted for publication 10 June 1983)

The general characteristics are compared for the plane, convex, and concave fixed crystal
analyzers which nay be applied to the spectrometry of concentrated, intense plasma sources of x
radiation involved, for example, in fusion energy and x-ray laser research. The unique advantages

AdL. , of the elliptical analyzer for precise and absolute spectral measurements are noted and detaileddescriptions of its geometrical and physical optics are presented. With a source point at one ofthe

foci of the elliptical analyzer profile, the spectrum is Bragg reflected (45" < 20 < 1351 at normal
incidence upon a detection circle with its center at the second focal point, at which an effective
scatter apertire and filter window is located. A primary monochromator consisting of a
cylindrical, grazing-incidence mirror is placed between the source and the analyzer to provide an
efficient cutoff for high-order diffracted background radiation and to focus the divergent rays so
as to obtain an adjustable spectral line length at the detection circle. Photographic film may be
transported along the detection circle. Linear position-sensitive electronic detection arrays or a
streak camera slit window may be placed along a chord of the detection circle. Calibration
procedures for absolute line and continuum intensity measurement are described and examples of
calibrating spectra are presented as measured with elliptical analyzers of LiF, PET, KAP, and
molecular multilayers for the 80-8000-eV photon energy region. The instrumental effects that
contribute to the spectral line shape as measured by the elliptical analyzer spectrograph are
defined and a simple line-shape analysis procedure is presented for the determination of the line-
broadening contributions of the source. The effects of an off-axis positioning of a source point and
of an extended source are analyzed and the application of the elliptical analyzer spectrograph for
one- and two-dimensional imaging or an extended source at a given photon energy is discussed.
Finally, methods and materials for the construction of the elliptical analyzers are described.

PACS numbers: 52.25.Ps, 52.70.Kz, 07.85 + n

.- . INTRODUCTION axis source points relative to alignment procedures for point
sources and to one- and two-dimensional imaging for ex-Through the last decade very intense and concentrated tne ore.I pedxAmtosfrosrcigteP

pulsed sources of x radiation have been developed. Notable ti ed sn ppendix m. ......... aong hes hae ben te lserproucedplama oureselliptically curved analyzers are discussed. Ina Appendix B a
among these have been the laser-produced plasma sources. FORTRAN program is presented for resolution enhancementIn addition, improved versions of the discharge-type sources line -shpganlis p
have become available, e.g., the Z-pinch, exploding wire, and and line-shape analysis.

imploding linear sources. These are being applied in high-
temperature plasma physics research generally, in the spec- I. THE FIXED CRYSTAL ANALYZERS
.troscopy of highly ionized atomic species, in fusion energy~andopyof ighl ioize atmic pecesin fsio enrgy The spectrum that is projected by the fixed crystal ana-
and x-ray laser research, and in the development of x-ray T
microscopy and lithography. lyzers may be characterized geometrically by three basic pa-

For the characterization and application of lhL-e new rameters: (1) the argle ,- of a ray from a point source that is
sources there has ansers an important need for pr.ctse and reflc,ted by a differential section of the diffracting analyzer;
absolute puised x-ray -ource spectrometry for bc-rh arge and (2) the associated Bragg angle 0 made at the point of inci-

narrow Spctrril rane nt measurcietnt '2 To m.:et "!i. rieed, a dence upon the a(alyzer, and 3) the angle , which is mea-
fixed elliptical analyi'r spectrograph has been dcve;oped to- surd from a line through the crossoverpoint of the differen-
the 100- 10 000-eV pht,)n energy region. Described here are tiai h ndle )f rays as defined by the small variations Ay and
its basic characteristi-.' and design, its calibration, id its JO. The relationship between the variables .', 0, and 6l is
application, illustrated in Fig. I and given by

In Sec. I a comrparisonr is presented of puls.d source y 20 - ,6,
spectroscopy with plane, cort!x, and concave 'ellrp ca) fron which
fixed analyzers. In Sec. II the gronietrtcal optics for clipticali wih
analyzer spectroscopy is presented. In Sec. Ill the determin- d!-'dO - 2 - dfl1dO. (I)
ation, theoretically and experimentally, of -he tranmission The anglc/l K ittended here to measure effectively a position
characte:;tics of the elliptical anilyzer spectrograph is de- in the spectrum in the detection space. Because oftcn onecan
scribed. Spectral line-shape functions are presented in Sec. choose a fixed crystal geometry for which the crossover posi- S
IV. And, finally, discussed in Sec. V, are the effects of off- tions arc the same (or ncarly so) for a relatively large spectral

1311 Rev. Sdl. Instrum. 54 110). October 1983 0034-67481831101311-20$01.30 ) 1983 American institute or Physics 1311
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equal to S, photons/steradian-second-eV, the photon% per
BRA- unit area-second measured for the continuum spectrum at

20 le the detector may be given by

X ~dN Sr 6 OW
A rLJ...,jr d,6d6d ) d

so (dy\ (dO r( dE\R(3
29-0 rL kdOk d3 dOR)(3

do Here we have equated the differential area dA of the diffract-
ed beam at the detector to (Libr d13). Because the reflectivity

K> NORMAL NCIDENCE
DTCIS function 1 (9 - 00) has effectively a nonzero value only when

(9 - 0,) is near zero values, we have considered the quanti-

Fit; 1. Defining the basic geometical parameters for fixed crystal analyzer ties dy'/dl, dl /d9, and dE IdO to be essentially constants
-spectroscopy:,iy. the angle of the radiation from the source point in the crialle
of dispersion; andfl. the angle ofthe Bragg reffimnted ray as measured from 3 IE LNEAAYE
line ilniough the crossover (real or virtuali. FIEDPAN___-YE

range, a spectrum may then be established along a circular 6
arc for normal-incidence detection with this crossover posi-
tion as its center.

Using these variables, the general expressions that re-
late the measured spectral intensities to the spectral charac-
teristics of the source may be readily established for a point a
source geometry. The reflection efficiency of the Bragg ana-

* lyzer is defined by its reflectivity curve 1(,J0) land by the area
under this reflectivity curve, the integrated reflectivity R.
I1(JO) is the fraction of the incident intensity that is reflected FO BR&GG AW3LES - 30±2.5 wg W1±2.51
at a 49 position from the Bragg diffraction peak position 0,, ]EDCLNRAL(OVX NLYR
for a given photon energy E (4 0 = 0 - 0,,. FXDCLNRCL(OVX N~

In order to predict the number of photons per unit area-
second at the detcctor, we need two length parameters, viz.,
L. the distance from the point source to the differential re-
fleceting region at the analyzer added to that from the analyz-

er tothe etecion ositon, nd r theradil ditanc fro
the crossover position to the detection point.

* Finally we shall assume here that the analyzer is of
some small extension normal to the plane of Fig. 11with it-,
cross section invariant in all planes parallel to that of Fig. I
(cylindrically curved). We may therefore effectively use an
angle zp subtended by this horizontal extension of the dif'- FOR BRAGG ANGLES 30*±2.5*and Wt±2.5
fraciting region as measured from the point source to define
the diffecrential solid angle from the source of' the diffracted FIXED ELLPIPCAL ANALYZER
beam as ;b d%. And the length of the spectral "line" in the
detwcion space is then essentially L0b.

F~or a point source of sharply defined photon energy E
an~d of'intensity i,,photr.s/szcracliani.secord., the numrber of'
pflotonts/sec, dN'l, diffracted at the B~ragg angle 0 within a
differetitial dO is simply given as

h- i,1i/dO )dOI (9 - Olt).
A nd the total n Lmbe:r of photons per second tlfia istreflected
within ihe measured spectral line becomes FOR BRAGG ANqGLE-S -30*± 2.* cm-' 60t 2.5

1* ydtiit( - 0ljd icG. 2. Compaf ng. for the 1-'~ conse". ndi elltirrrna i red aiiaivirs file
"u' j,, rrflcc~~~td ra) s Ntern, for lira"e ans~e 04Ai - S a' o

0~tn R 2) (,' 2. 5. llitntrar ing the % .u.tior reda .> r-,e iv. po onn wh ich m~ay be
- 4,1' (~'/ll(R (2) 1ppidL a, enwr . itiz nrlrrzia..-nden:t! Mrctw :i c-rIe . Th.: -nulcc-cr-

AVWhr.: tile integrated ref~ti~ity , eqatd to orastdo:n~: 45' fl,: o are the--L firr filr~e three jai%/~ err
I hc radii 'If LIU rinu re fort ic .- mr : and i .A , Ow tij ,zr h US'

1(0 - 9)d0l And foT ; crinitimunm ore slowr eleclrar e C'l qa -LiJi: th' urie nc ~ . c
vas ying wit I photon energy, o~f intcnsity at photon energy E yl %mall workifq di~irine to i sre.

SU.? Rev. Scl. Instrum.. Vol. 54, No. 10, October 1983 Pulsed plasma source spectrometry 1312
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FIXED CYLINDRICAL (CONVEX~ ANALYZER expressions for dy/rdO and for dy/d/J which determine the
line and continuum measured intensities, respectively, ac-

* cording to Eqs. (2) and 13).
In thtse ray traces, the %alues for r and L have been

chosen to be the same for the three analyzers at the 45* Bragg

CROSSOVER reflection. The radius of curvature for the elliptical analyzer
was chosen to be equal to that of the convex analyzer for this

intermediate 4S* Bragg angle. Because the number of pho-

idy for a given Bragg angular w idth JO. it is clearly illustrat-I
4-4a., -14ed here that the plane analyzer has the highest angular aper-

ture. " It is also immediately evident, however, that only for
relatively small source distances, not very different from the
length of the plane analyzer. can an appreciable spectral

FOR BRAGG ANGLES -30"t 2.5* and 60±: 2.5 range be reflected with the plane analyzer. The convex and
the concave analyzers will allow a large spectral range to be

FIXED ELLI PTICAL ANALYZER measured with crystals of practical dimensions and for large
working distances to the source las illustrated in Fig. 3).

An important advantage of the plane and the elliptical
- . analyzers is that their crossover points are fixed for ail Bragg

reflections, thus allowing a normal-incidence detection circle
to be established with positions in the measured spectrum
precisely determined by the anglefl. The unique advantage of
the elliptical analyzer is that it: crossover is real rather th1an

* K uvirtual as/or the plane or the conee analyzer as established at
a focal point for the given elliptical geometry. With the ellip-

/ tical analyzer, therefore, an effective scatter aperture can be
~ ~ locate d at this croisover position. This can beof considerable

imporiance because thent only the small diffracting regicn of
thte analyzer can be -seen' at the associated point on the

FOR BRAGG ANGLES -30± 2.5* ard 60 t .' dete-ction circle, thus essentially eliminating the effect of the

Fit;. 3. Conmpartsont ntthe reflected ra% -,ysem for the convr'i and the ellipt.. dtff',%c and/or fluorescent background radiation from the
cat fixed analyzers as descnbed in Fig. 2. and for a relanve; large %ork:cg tolti 111lwnI-nated surface of the analyzer.
distance to the siource. T he plane atialyzer has A severely imiteuectr Another genera characteristic offixed anaiyz~r geome-
range to- large source d;stainces.1Itlustrated hert:is that the cr.so~er center tries is that a crossover point can be developed by allowing
positon is not lised lbr 1ie convex aalyzet as if rt hviott;jalanai: rer the analyzer (rather than to be cylindrically curved as de-

scribed abovel to have a second curvature as generated by
rotating the analyzer section !as presented in Fig. 1) about an

and to be taken outside the integral as their values at 0,,, !he axis that passes through the source point and in the plane of
Bragg angle for the given photon energy. Fig. 1. For example. if this axis is chosen as that which passes

The curvature of the fixed analyzer determines the through the source and the detection point, all of the pho-
.magnitude of the baste parameter, dy/dO, and, b Eq. (I!, tons that were diffractedi into a "line" region (as described
that of do dO. In Figs. 2 and 3 are presented computer-plot, above to be of dimensions Ldrd/3) will now be concentrated
ted ray traces for Bragg reflections at 30 and 60*' -;± 2. 5') for into a "point" crossover renton of dimensions rdfl. If the
fixed analyzers of three types: )l1) plane; 12) convcx {ctzcultr detector system can integrate the photon flux not along a
cylinder,,; and (3) concave 'iliptical cylitideri. And_ in, Table I spectral line region but only at a point fas within the slit
are listed for the :e fixed ainalyzer 2cot-Aetries the ans~dktical windov, oIft streak camera;, this type of focusing could result

* ~TAB[ E~ J. Cotip-irton crt hottitc Parameters.

pAnAlyier (r/d I SI d4 - idr/d/1 Geomrttt

Plane Unify tUlit% Unity Spectral ranize
limiled

coCci.e a--c)tinder radiu,

S-%Ource-to-
la/il( I l/tlsin 1) 2 ati 1? cyltnder axits

Elliptical It. R,. s defined
(/, /R 1<I 1h /R,j/%in? o 2 2t %in'2 si in Eqs. (41 and 151

1313 Rev. Set. Instrum.. Vol. 54. No. 10. October 1983 Pulsed plasma source spectrometry 1313
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ELLIPT(CALLY CUuVCO ANALY.ING CIVYSL II. THE GEOMETRICAL OPTICS OF THE ELLIPTICAL
ANALYZER SYSTEM

For pulsed source spectrometry which can be simply
__ and precisely calibrated, the elliptically curved fixed analyz-

- .er system has several important and unique advantages. As
FLAT,0* oiCv1,,*,Cr Za. ... noted above, a real crossover point is established at one of the

.4 , ." t foci of the elliptical arc which becomes (1) a fixed center for a

normal-incidence detection circle and (2) a position for an
"A-.ATI, ,," -.0 ". '.. a ,,,,t effective scatter aperture. In addition, (31 the m agnitude of

n -the parameters L and r [as defined above and for Eq. (3)] are
essentially constant for this analyzer, and (4) because of the
invariance of L, a cylindrical total-reflection mirror may be

FIG 4. Schematic of an iptical analyzer sptrograph system. The sourc utilized, as shown in Fig. 4. to provide not only a very effec-
point is at one of the foci of the elliptical profile and the center of a nom:l- tive cutoff for high-order diffracted background radiation,
incidence detection circle is at the second focal point and is located within but also to focus the spectrum at a second crossover for all
an effective scatter aperture. A filter may be placed over the scatter aperture positions along the dtec.:ion circle.
to effect a transmission band and low-energy cutoff. A cylindrical, grazing- For a precise and absolute calibration of the elliptical
incidence mirror is used to establish a high-energy cutoff of high-order di'-
fracted background radiation, and may be applied to focus the divergent analyzer spectrographic system, characteristic x-ray lines
beam fron the source so as to adjust the length of the spectral line at the from a laboratory point or line x-ray source may be used with
detector. Photographic film may be transported along the detection circle; a a slit-window proportional counter scanned along a goni-
linear, position-sensitive electronic detection array or a streak camera slit
may be located along a chord to the detection circle. For the linear detec- ometer circle (inside a vauum calibration chamber) that is
ton, the mirror may be focused to infinity, thereby placing a tntorm, con- coincident with this detection circle. For pulsed-source spec-
stant-length spectral line along a chord to the detection circle trometry, photographic film may be mounted along the de-

-- i , .+-wd tection circle. Alternatively, active, linear position -sensttive
-- electronic detector arrays or a streak camera slit window

may be located tangentially to the detection circle.
in a considerable gain in spectrographic efficiency or speed Specific examples of crystal and multilayer elliptical

........ It should be noted, however, that this second crossover point analyzers which have been successfully applied in this labo-
can be precisely generated only at the two intersection posi- ratory for the 80-S00-e V region are presented in Table 1I.
tions. along a normal-incidence detection circle. This focal We summarize here the geometrical relations for the
region can be somewhat extended when the axis of rotation elliptical analyzer which will allow the determination of the
of the analyzer suiface passes tangentially to the detection absolute transmission functions as may be defined by Eqs. 12)
circle, and therefore only for a relatively small region of the and (3). The elliptical arc of theanalyzer may be described by
spectrum. For example, a very large aperture spectroscopy the radial distancep from the focal point (at the scatter aper-
can be obtained for a small spectral range and at non-normal ture) to the analyzer as measured back along the exit ray

. ... ,incidence on a linear detection region by using the Hama; defined by the angle,6 see Fig. 41, and given by
geomet "ry. This is done by rotating the section for a plane
analyzer shown in Fig. 2, about a horizontal line through the p = h 10 - E cos/1) (41
source which becomes the axis of a cylindrical section ana- Here h is chosen as a characteristic size parameter of the
iy-ier and the linear locus of focal crossover points corre- elliptical analyzer and is the distance p to the analyzer for
sponding to different Bragg ang)es. In the next section a sirn- elli T aaz er is the eicit othe enlype for
ple meihod is described for achieving point focusing along = 90". The parameter e is the eccentricity of the eipse and
the entire detection circle with the elliptical analyzer of sin- may be given by
gle curvature. = A + (h/Ri - h /R (51

-':" " II. Spectral ranges for selected ellipocal anal)zer.

- - F frV) A I,&l

21;
c.ry'jI 2d IA 45 9W" 135 45" I

• L.1- 4027 8)0-43 43S4 3332 I .4 2X 5

PUT 8.742 370C. 2(XJo 1531 3.35 htt 'Is
KAI' 26 n' 121' 65. 2 503 7 10 9 IS I 24 ,
L.,urat, 70 4t2 9 250 5 141.7 26 79 4) 50 #4

St a 'tIc 1(A) 124 0 175 3 134 2 3 27 70 71 92 ,4
.1plotwrc au 13 24'. 1 134 ' 101 2 41) -5 'I q2 1210 1

e011,te lhO 2012 l Q) S3 q 61 21 11 147 .

. -'4 1314 Rev. Sci. Instrum., Vol. 54, No. 10, October 1903 Puled plasma source spectrometry 1314

-r N W



0,094

aS
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WIG.5.aelent thsersBrnagog ane etcfor thrlecto it th- Wealerngdipronfraiic eetrwhhemaesheul

analyzer to the spectrum angle fl for this elliptical geometry., ifrnitn E.() eoti
obtaining df6 e2 + I- 2ccosf

S-, -CCos/ dO c -- cosfl)(8
... 9=an('e sing (051' W ith Eq. (1), we obtain

dO e0-csfl

(Note: For very large R,, and thtus for nearly parallei. axial and
* ~~~. radiation into the analyzer. f =1 and the arc becomes para- 1  O d .

bclic. Then Eq. W6 yields 69 =,612.1 dO -f d,6 e-2 +I - 2c cosfl' 19
Neglecting here the small crystal refraction effect-; iseedl

See IV), the angle , is given through the Bragg equation :n Plots of dil dO and dy-/e are presented in Figs. 9 and 10,
terms of the wavelength ; atid the photon energy E bv rer,~cively.

Zn = d %in 6,r=ihc/f 1, (71 The pathlength for all rays fromn the source point as

where d is the spacing of the diffracting planics. in is tht rlvtc to the focal potnt (exit aperture) is characteristically
a1 Lcotstant for the elliptical recctor and equal to

aifdritie %o iu ofer t num e , ec v l and =an 1. -1i? Plancks c .. h h. W e m ay. therefore, write or the sizc param -
atid~ ~ ~ ~ ~ ~ ~ ~ ~~ ~~ti fo eoiyo gh.r~cie~he 1 9.e-A.r the total patlilength to the detection circle [applied

U sing E q s 16 , aid 7 the %a% .leti ih antd ph. ;on energy in Y q 13 1po)sitions ~is functions ';flI alonmg the &ICLU0tio circle ma, N: Al3

Alli and b. Hfere we have anticipated that in optimnum working %here r is the radius offtlie detection circle.
range for the spectrum angle fY is 4s' to 13~ 5, g . to mnaxt Inally, the quanitity dE/IdO, which also appears in the
mnize dispersion and to mitnimTize ha.. Kgrotind h-. asoidi:mg trarwsmisston relation described in Eq. (3). may be obtained
the smaller angle%. and to sasstypt.al spectrogral-hic me- humhifenitngiq(7tob
chanical constraints for larg r- .an Iici Jiffrac:ti..rr, It is alsoitrut ifrniaigtq 7 ob

straightforward to presecnt the dispet sion relaiions% fmr linc-ir dF -- E (I
detection array.s along :i chord of tcd,-ccitittir~ir As an (i, tan 0
example, these are pkctted in FigN ,rld 8 fe r a ;iir Jlet.-
tion array or streak camnera wvindos% v hich cnhr. v,,the en-

1. Coto'

I/
Ft'. I nr-rgy disprionfosi ailinear derectom which embraces the full spec.

Fin ~I crv ser. nl i n.( th dn c k eir.I , I LIC t ral range al-doni tSFord o thl etection cicle
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40 - - -where p and q arc the path distances front the mirror center

to the source and detection circle. respectively. 1
- ______For a shortened spectral line of length pdb with parallel

9 I. 9 radiation forming the spectral line along its length (at theI detection circle), we let q - w in Eq. (12), and obtain for the
to required radius of thernirror

-. j ________r-. = 2p/sinhd. (13)

j 11l. THE TRANSMISSION FUNCTIONS FOR THE
110' 40 ELLIPTICAL ANALYZER SPECTROGRAPHI

As described above, the elliptical analyzer can be di-

Ft(,. q. Pbiot itricparameterd86/d~vs# for elliptical analyzers of eccen. rectly calibrated using a slit-window proportional counter
tn -1v f.measurement along a goniometer circle that is coincident

with the detection circle and using laboratory line sources. If

for hic E nd tn 0canbe eadiy cmpued a a uncion the source contains an isolated, characteristic emission of 10
frwhich Eand t6)and (7). eaiycmptda afnto photons/steradian-second, it may be measured directly on

Th highenerg y Eqs.f (6)ctrstc and apr)ar the direct beam with an appropriate filter and pulse-height

Tohehg-nrg utmor cantraerisi ofileprimar window of the proportional counter. The counter is then
monohroato wit a irrr an trnsmssio fiterisscanned through the 0-angular region of the diffracted line -

'combined with the elliptical analyzer are set by the grazing in order to integrate for the total number of photons, N, that
angle of incidence, 0, at the mirror (and by an appropriately are diffracted within the spectral line for the given photon
chosen transmission band of the filter). The length of the energy E. The ratio Nial, thus measured at different source

* ~~specctral line at the detection circle, as, suggested earlier, is poo nris a edfnda h ietasiso
dec.rrined by the divergence angle 0r and by the curvature function T,
of' tile mnirror. A relatively long spectral line on a photo- Using the parameters that characterize the individual

gra~ic ilmmay e o adantge bcaue a intgraioncan elements of the spectrographic system (the filter, the mirror,
thtn readily be accomplished with modern scanning micro- arid the crystal or mult-layer elliptical analyzer), it is of con-
-dmasimrneters over a larger number of exposed grains with- sirlerahie value to predict. by calculation, the combined
out saturation at higher photographic densities in filmn detec- tasiso ucin.Teecnb sfl()frotmz
tion.-An integration along a relatively long spectral line may ing the design of a particular measurement within a given
also bt important with two-dimen~sional posit'ior.-sensitive seta n nest agf)frctmtn h eeto
eIctoic arrays in reducing the electroncurntoblw sctaaninestrng,2)frstminthrecinratio for high-order diffracted background radiation, and (3)
saturation values required per channel or pixel. To accom- to "fit" the experimental point measurements of the trans-
niodate a one-dimensional detection slit, as for a streak cam- mission function. Two examples are presented here of the
era, a cylindrical mirror may be applied, as noted above, to cluaino rnmsinfnto o esrmnsi
place image points of a point source along the detetin cir- the 100 -200- and 550-l000-eV spectral channels.
cle to which the slit would be tangent. Using Eq. (2), we may write for the line transmission

For the flat mirror, the length of the spectral line at the function N /ida for a spectrographic system
detection circle is LO'. The radius of the irrfor that is re-
q!-ired for the plot iniaging of the source at the detection N/io V, 'T, = FAI R (d.~/dO) (14)
circiei; .givcn by where, at a particular photon energy E, F(E) is the fraction of%

__= 2pq_ 2p(L - (12 the radiation that is transmitted by a filter, 3! (E) is the frac-
(p -- qiviin 6 L sin (h tion of the incident radiation that is reflected by the mirror,

and R (E) is the integrated reflectivity that is characteristic of
the crystal or inultilayer. Miethods for calculating these pa-
rameters have been reviewed recently in Refs. 2. 7, and S.

For the spectral me-asurement in the 100-200-eV chan-
- - . -. ~ . ~nel. a lead lignocerate multilayer of 200 d spacings has been

~'- chosen. Its reflection characteristics have been calculated
and given in Ref. 8 and plotted here in Fig. 11. (This molecu-
lar multilaver has a high ar.d monotonicaliy varying reflec-
tiit i ths spectral mrag. iIn Fig, 12 are plotted the tranis-

- ~---~ .. ni i' ictors F forpp priare filter thicknessesN ofcar on
foi is, a nd M, , he pt.rcc'.t ret hivi tv for a goold mi rror su rface

4:as iL! w nrctLcion on around 00X mrad. Also piotted
here hihN ithtc-- tc /Z.t~iy and the characteric'

L~1/''. Ir IhpIcI.i.,:..:. I~~cn piarnm-t'.r :! ,do' i!)- :i ana er. The particul:Ir
~TI .filter. mirrar. andi mrulititer xln,.:h hia', ten cho:.en here
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Fzit,. 11. Charactcrzaion ofthermolecu-
.0___ lar muilayer lead lignocerate of 0D dVI-

00E 10 100V 1000 2100 spacings IQd = 130,A). R, the integrated
COWE~e) -retteevity, P, the percent peak reflectiv-

IC 20City- .IE the energy width of the reflect iv-
201) ity curve-, and E1AIE. the resolving pow-Il

er. These have been determined as
described in Ref. 8-

AEtev) E

'7.00 1000 2100 100 106 F 2100

have sharp cuto~ffs for photon energies beyond 280 eV for and -are plotted here in Fig. 15 An aluminum foil filter is
effective high-energy background rejection. In Fig. 13, the used which has a transmission band for this spectral region
combined response function, as given in Eq. (14), has been with an absorption band beginning at the Al-K edge (1560
plotted. Finally, in Fig. 14, a rejection ratio for second-order eV). A 30-mrad reflection from an aluminized glass mirror 4V
diffracted background radiation is plotted as defined by the surface will have a high-energy cutoff'also at about this ener- d r.
ratio N (E )/N (2E) for the total number of photons diffracted gy.' tThe oxide film or. zhc aluminum mirror does not effLc
at first order to that at second Order as measured -.t the same tiv..-y change this reflectivity characteristic in this spectral
'value of,6 for two rnoncencrgetic sources of equal it, values rcpon.) In Fig. 16 have been plotted the transmission factors..

:1 and of photon energy E and 2E, respectively. These ratios F i .M (E ), andR (E) and the geometrical pararneterdy/d.
have been calculated for 5% stems with and without the pri- Th:-sc are cwlmbined. by Eq. 114), to yield the spectrographic
mary mirror (goldt10 mrad) in order to indicate the ap- transmission function,V/io1, which is plotted in Fig.1.h
preciable gain in background rejection resulting from the use high -order rejection rat N (E /V (2E j for this channel, and
of the mirror element, as dlefined above, has, been plotted in Fig. MR, illustrating the

- -For spectroscopy in approximately the 500-l000-eV important improvement resulting from the mirror cutoff
channel, we have chosen a potassium acid phthalate crystal characteristic.
which has relatively high reflectivity that is monotonically A transmission function can similarly be obtained for
varying above about 550eV labove the oxygen-K edge struc- thc ratio of the photon s/m icrons'-second, dN /dA. as inca-
ture)." Its reflectivity characteristics have been calculated" sured at the detection circle to the photons/steradian-eV-.

second, S~, from a point source of continuum radiation. By

* to C
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th E,0 -- '- The D A .- .. ,L1 analysis in the 80-8000-eV region. The characteristic lines

that are shown here were for mid-range positions for each %

I.,channel and, for each, an approximate value for the line
" , transmission N/io¢' is given [with F -= M = I in Eq. (14)].

The procedure for measuring the transmission function
.. 0 ~~N /iP,&[and, therefore. F.WR (dj'/d0)byEq.(14)]isasfollows:
I ~EFLECTION, 1,OLDI i

OIn a vacuum calibration chamber, with a slit-window
flow proportional counter translated along a goniometer cir-

- 0 M " mot-- cle that is coincident with the detection circle, a spectral line %
(isolated by a filter transmission band) is scanned at an angu- %

Fi(;. 14. First-order io second-order response ratio ascalculated for the lead lar rate of wo radians per second in the 3 angle. The total
lignocerare channel. IThis is the ratio of ihe line transmission functions, N / number of counts that are collected while scanning over the
4,. at the same angle.I?. for fi.st- and second-order dittraction and for pho ltonicnergies Eand 2E, testiectively.) Illustrated hercisthtmarktd improve- line (or principal line series) is collected as -N.. A pulse-

went ofthis r.-jection ratio effected by the primary mirror monochromator. height "window" of the proportional counter is chosen to
include only the counts for the characteristic line (or narrow
group of lines). With the elliptical analyzer and scatter-slit7N

incorporating the factors M and F with Eq. (3), we may ob- assembly translated out of the direct beam and the counter in
tain the position forG/= 0, the number of counts per second on

dN/dA (dE /dO )[MF(dy/dX )R] the direct beam from the filtered x-ray line source (of intensi-
----- = rL (d/d) ty in) is measured as I,. 1, is related to photons per steradian-/ dd (N_ second, io, of the source by r:

' rL(d1/3dO) I .' = io' t,(-5

for which N /iA. dO /dO, and dE/dO can be obtained from (Re - r(Q'

. Eqs. 14),1 8), and ( 11), respectively. Here we have given the where t is the counter slit width and R, + ris its distance to
continuum transmission function (dN IdA )/Seas proportion- the x-ray tube slit. Q is the photon counting efficiency of the
al to the line transmission function N/iet., which, as dis- counter.

- cussed above, can be directly measured using laboratory The total counts per second, N., that are collected as
..claracteristic line sources. the line is scanned may be related as follows:

Examples of experimentally measured spectral lines for d n '4
characteristic emissions from laboratory sources are shown dN = Q )d6 (-

- :. in Figs. 19-23 using fi;e elliptical analyzers that have been " dt dO' \410

applied in this laboratory (crystals of LiF, PET, and KAP, where the quantity d 2n/dt dO is the photons/second-radian
ant! molecular multilayers, lead laurate, and lead melissate. at the detection circle in the spectral line, and A13 is the angu-
As indicated in Table 11, these can be applied for spectral lar width of the counter acceptance and equal to t Ir. (r is the Y.

20') 00'=-- -

0 .0 01000 2100" t-VI --

FiG. 15. Characterization of the potas-
sium acid phthalate crystal analyzer,

KAP (2d - 26.63 Al. As for Fig. II.
* ~~-240 -.*IJ ___________ . . LKL-3.

,.JL! I t . 1 .!/"I
I ~ ~ ~ . E -~~1- __________

50.1000 2100 5O0 1000 2'2"
E eV) - EteV -.
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tO .0 .----- - 10 POTASSIUM ACID 0P 94IE ANIALYZER
ALUMIIM FOIL. F , ) IoInto

Aciv o t ALLAOINUM FOIL FILTER
IF m RA=

0 - 1I ~r~w 30 111OOMRoOR
4005 51 0 10 ev 55 15 RFFLCT.4D-(u-WlvI.

2. 10' 0.t.

TEGRATED ________________

IICAP) LM hI.4/*
t R.5w0M'a . - , -.Gx .o C mlmQIR

0L.FIG. 18. First-ordertosmond-odrmponsc atiofor the KAPchanoel. As

FIG. 16. Transmission factors for the KAP channel 550-1000 eV. As for
Fig. 12. mated by a Lorentzian for the low-energy x rays and given lby

radius of the detection circle.) Integrating over the spectral d O (8 - 0.) + (,/2) (40)2 + (w12)2 ' (7

line distribution in /3' we obtain The normalization of this expression is performed by setting

Q (t 1r dn the total area under the curve, diV/dO, equal to the tota
kdrI number per second, N, of photons of energy E that are a]-

~'hee d/dris he ota nuber f potos/scon wihin lowed to diffract from the analyzer around the associated
thespetrl lnedisriutin nd efiedas i Eq (). nd Bragg angle 60 assuming a Lorentzian rocking curvel(Afl] %j

fihalspectralinig thisebto mandueentse obain e t2).and- And here N is equated to T, iotb, where T, is the line trans-
finallyo combining ths meAueens wea obaai the trans-an/ocm

* - - mission function N/a#o;, experimentally using the following mssnfucinN/t, htaybmeurdn/oco-
* .~...-a relation: puted as discussed above. w~ is the full width at half-maxi-

mum (FWHM) of the reflectivity curve which may be
*-N 4_ ly. ((16) considered to be the perfect crystal width increased some-

i~ Awhat by the mosaic quality of the crystal (and usually must %

(Note: this relation is independent of the value of the opti- be yerifled experimentally).

mized counter efficiency Q.) Rewriting Eq. I I?, in terms of the angle vaniable,6 that
measures the spectral line position, we obtain

IV. SPECTRAL LINE SHAPE WITH THE ELLIPTICAL d1V lodw'~(/~),it
ANALYZER SPECTPOGRAPH d/3 ' dW) (/( ~22(

dO (fl)2+0/2)2

The natural emission linewidths for a point source are In this expression, 4/3l is the small angle that measures a

instrumentally broadened only by the effective reflectivity position in the spectral line from the spectral line peak posi-

curve of the analyzer (the fractional intensity reflected as a tion atfl, and is essentially equal tozl6(dfl/dO). 0 is the mea-

function of the angle 49 from the Bragg maximum). sured angular FWHM, in /3, and is equal to ro(d/J /dB1).

If the spectral emission is sharply rnonoenergetic at Finally, for the number of photons per mirn-second,

- .. - photon energy E, and from a point source, the residual ana- dN/IdA, that is measured at the detection circle within a dif-

* lyzer diffr.action broadening may usually be well approxi-

3300-8000 eV C14IANNEL (2d=4.027 A)

1. 10 -

t-T2'3SI.IM ACID PlITHALATE

I' ~ ALWMINIIM MI'F.OR
MONO tROMT4A 4T 4~

30 MWt.LINIOIANS Ti-Ka (4511MeV TRANSMISSION

'rdI AlUIAINUM1 FOIL FILTER C/ jR dX/d91 .084 mRAD.

(levi~ ~ I ____

/,0 60 00 800 900 j0170 2 2

Ftc. 17. Product of the transmission factors of Fig. 16. yielding tile overall FIG, 19. Spectral measurement with the LiF elliptical analyzer-30X0-
spectrographic rcsponse for the KAP channel [itc., the line Transmission fXJ-cV channel (2d 4.027 41. Calibrating x-ray source-and-proptu"on-
function as given in Eq 114)] al counter combined window is, Caussian of FWHNt 0.?, in aI
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t 500 -3700 ev CHANNEL (2d 8,'i72 A) 190 -460 W CH4ANNEL (2d -70 A)

LaKi

C/s ~dx/G) .02 rnRC 5C-K BAND (27eV) TRANSMISSION

MO-La (2273eVM TRANSMISSION T C/ ) 01 A

LO -A
40- - 0*

F:.. 20l. Spectral rneasurcment with the PET elliptical xJze-l'- Fit;. 22. Spectral mcasurernent with the leAd laurate ellip1C3 analyz7er-I
3700.eV channel 12d- S.742A. calibrating instrument window asfor Fig. 19O-40-eV channel (2d 70 ,kl. Cilibrating instrument window as, for

19. Fig 19.

ferential interval of angular width d6, we obtain from Eq. in their shape, the result of the convolution of the emission
(18)line and a Lorentzian crystal reflectivity curve will be a spec-

dN _I d) /d) \ (~/2iTtral line that is also Lorentzian, of area equal to N (given by
dA -k r1 J Afl) + ib /)(19) T, i00', where 4, is now the total number of photons/stera-

dA r J 4/32 + eb 2)2dian-second from the given emission line source of finite en-
.4"- I Hert!rwe have let dAl = Lo~r do) as defined in Sec. 1. ergy width). This measured Lorentzian will have a FWHM

It should be noted that if the measured spectral line eult ipytesmo h its .Teeoe
-positionfl, is used for a precise determination of the photon froin the measured width on a calibration line, nc may be
energy with Eqs. (6) and (7), a small crystal ref raction correc- attinid ifoE is knsown or is negligibly small (see, for exam-
lion may be needed, particularly for the lower photon ener'- P~e Re 10).
gi-s.. This is accomplished by simply replacing the angle 0, Now, if an experimental emission line'source can be
corresponding to/3?,, using Eq. i6), by the refract ion -co rrect - Cssulnwd to havea Lorentzian distribution inJ~E [and therc-
cd pt-3k positlion and equal to [0, +- 6lsin 0, cos 0,j. Here fore as 6 , in AO, using Eq. (11)], we may apply the samne
h5i~jithe real patofthe unitdecrement oftherefracti,,eindex argum~ent as used above, simply replacing (0) in Eq. (161 by
of the crystal, and 0, is derived from the photon energy or a, + c,, wvhere e. is the F WHM of the Lorentzian emission
wavelength through Eq. (7). line. In this way, c., may be measured by the experimental

The crystal width &w may be determined by a calibrating spectral line shape.
measutrement of an emission source of a known natural If leraiely, the emnission line is well approx\imated
linvwidth - [in angle AO units given by Eq. (11l)]. Because as aGaussian distribution in AEF and, therefore, in 4O as
such calibrating lines can usuaily be described as Lorentzian resuitinr,, for example, from Doppler broadening), the con-e

volution of the Gaussian distribution with the crystal's as-
sumed Lorentzian diffraction profile %% ill yield a Voigi distri-

500.-1200el/ CHANNEL (2d --26.64 A) o

La ~80-20.V CHANNEL (2d 160 A)

6.

_C.To R(dX/d9) -a0.13 mnRAD. B.CK.- BAND (lOB eV) TRANSMISSION

TR(dX/dG) - 0.18 mRAD.

I' L ,Z 5. a 10

r~~ W1:: (1
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bution, again with an associated area equal'to N. dN/ldfl = P0[6G lxI + I I -6)L )fJ, (27)
Generally, an emission line shape, at least for the wings where P, is the central peak value of dNV/dfl for the Voigi

of the distribution, may be attributed to the combined effiects dsrbto.Adi h rad fteseta iecmo
of bath Gaussian and Lorentzian broadening of the energy nntoanurinevld.asm srdatheeeconi-
distribution of the source."t along with the instrumental dif- cle ib Lvbr dfl las defined earlier), we may write for the num-
fractiont broadening of the elliptical analyzer which is essen- ber of photons per second-micron at the detection circle (at
tially Lorentzian for the low-energy x-ray region. The shape the photographic film or position-sensitive electronic detec-
of the Voigt distribution (with unit peak intensity) may be tr
gie as a function ofdflas measured from a peak positionfi0,

by the convolution integral d/A(dLblGx(-)~l. (8

V) exp( - y2)dy exp( -y
2)dy -' If, for example, self-absorption within the emission

V~~a)~ -ay 2 a - source is significant, the central position of the spectral line
(a y' +a' Y_+ a (20) may be depressed and then only the wings may be accurately

112(lfit to a Voigt distribution. Then P, must be interpreted to be
Here a = (in 21 "'(2A,61g)and a =(in 2)"2 (1g). Here g a nd! the central maximumn of a Voigt distribution as fit to the
are given in terms of the FWH1M, in energy, of a Gaussian- wings only of the measured line. Assuming no self-absorp-
broadened component d (e.g., Doppler) and that of a Lorent- tion effects, we may integrate Eq. (27) over the entire distri-
zian-broadened components (e.g., Stark) of the emission line bution to obtain the total number of photons per second
source by the following relations: within the spectra, line, N. and to relate this number to the

9= -d(. (7  f - '21J total number of photons per steradian-secoind, io, for the
dE dO) source using the spectrographic line transmission function

and T, as defined earlier in Eq. (14):

+do.~..(2 N=1Pov[65 An2 +( - 5 ri,,b. (29)

whr~oaieeisoln~9daid8daevl- By fitting the Voigt portion of the measured spectral
ated at the Bragg peak position and given by Eqs. Ill I and 18), lime. P,,, v, and bS can be determined. With v and 6 the FWHM
a'nd (t is the measured Lorentzian FWVHM diffraction width parameters g and I call then be obtained through Eqs. (23)
of the analyzer. and 126) and finally the energy widths d ands can be obtainc-d

By numericallyN integrating Eq. ( 19), we have shown using Eqs. (2 1) and (22j. The source intensity 4,, for the given
that the FWAHM, u. of tHs Voig, distribution call be related eiso sdtri~duigE.(9
to the Gaussian and Lorentzian component FWHMI\,g and 1, In order ta test the assumptions and procedures out-

apprximaelyby t~ fllowng (ee ef. 0):lined above for line profile analysis, the spectral line shape

I=Dv I -(guvr, (23) for the mnolybdcniim-M (192.6 eV) emission as reflected
whic yildsfrom a lead behena'.e molecular multilayer elliptical analyz-

-- er was measured and is illustrated in Fig. 24. A relatively
v= k [ + (12 .- 4g2)")]. (24) simple leubt-squares fitting of the proportional counterstep-

And in Ref.* 10, we ha±ve shown that this integral Voigt func- scanned profile was applied to determine the best peak posi-
tion lof unit peak height) can usually be simply and accurate- tion ft,, the FWHM value for an assumed Voigt distribution.

,ly represented by a linear mix of the Gaussian and the Lur- v, and a ]cast-squares value for the mixing parameter 35. In
cntzian by the analytical approximationt Appt.ndix B3 is presented a program for this fitting proce-

vj) = 65G (x I- (I - &IL (x), (25) dure. Using these values as described above, the Lorentzian
whee G(xi= e-%p - in2Lxl ad Llx)= ( -x in and the Gausisian components, I and g, were determined.

whiher G xah=exp In 2:loZIx
2
] and L i th, F(1 v of These fit parameters based upon the experimental data arce

fileVoit ditriuli-rl.presented in Fig. 24. Thle same parameters were predicted as
Vort dstrauton.follows: the energy FWliMN of the emission line. i.53 eV, anid

dis ribu .is 'gtfntion taca3 tei,,d b l wienI/ a v tke n d the crystarl reflctivity curse FW JIjM, iv, equal to 3.54 rnm d:

leistrihuioarc the,.,.tusineg ivE l2 ), t d g vritio.re- [as calculated for this analyzer of 200 layers f 2d = !20) Alj

-le stsq ar lt l e te u rtg e 2) to dleter in L c o ure were converted intoequivalert width,; in/Jangle, , and ' ,. to
* sponding (and a ccrpeerne f6vle.Latsur be eqiiad to 0.695' and 0.491', respectively. The predicted

fitting these data yleids, within a very good appro.xiinanii, trn~a it stesmo hs ausadeult
A ~~~the follow/ing r-latiorrs for the FWIINI component wvidths. I '*Uigterslso e.V h mg !tesuc h

and g: at tile dcte:t ioni circle wa, esti mated to subtend anl angle Jfl,

I~ ht - 6 and g VY1  (20u1 CrruMI to 0. 15', and tla skio!..:idcd by the cokinter slit widthi
Tlhi., mrring p~rarn,!icr, , vains from /cro to uniti a s dis; ri- \%;is n'.vchcd to be :,"iut same :i-ee, 15'. The co:'volm-
bution r;illgc-, fro:! pure I Loretriizian to it pule (,aussiall !'il , the,"- 'L:t.wi .irdt b sl :prinic

Wfr ita'', therckoe, present a relatim for thte own~hei a Ci!;-rin arid of' FWI11N hx . .iX' ~~i %1Ih%

dN~ rr~is/ecndthat arc bneasiirte( ithi,: &ff()I(Mc tVi: %0~i ' tl, 0 .' %r:. im o '

tial aietlar Interval il as ten to .a:e prittilce. used wt (' I< ai- ari.V :
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LEAD BEHENATE ANALYZER

Mmt(192.6 @V) 200 LAYERS DARWIN-PRINS CALC. FIG. 24. Combining the mesured0
A E 1 53 *V (FWNM) 2d * 120 A 69-354#mr - w (FWNMI energy width of the %4u-M; line

with the energy width of the lead be-
berate analyzer I from Ref. SIand us-

LEAST SQUARES FITTINO COMPONENT FWHM--AIS, 1-LORENTZIANt g-*GAUSSIAN ing Eels. (21) and 1221, a predicted
I * .12 V-VOIT (ONVLUTONILorentzian width I n the angle f is

gaO3 predicted to be 1. 19. The measured
* 1.21.width. using the least-squares fitting

PREDICTED procedure presented here- yields the

XTAL + EMISSION 1.19 value for 1equal to 1. 12*. Anotherex-
EXP .... ample of this procedure for reducing 4
PREDICTED SOURCE /DETECTOR WINDOW g-0.2* a spectral line distribution to its

v - 1.230Gaussian and Larentzas compo-

nents is given in Appendix B. 1

520 62'

- -. .- in Fig. 24, the agreement between the predicted and the mea- sharp line image of the point source will then be centered
strred Voigt line sharie parameter-, is very satisfactory. This within the scatter aperture if the analyzer is aligned.

Sagrmeotent is also illustrated in the fit of the predicted Typically the distance from the analyzer to this focal
I-smooth) curve to the experimental points. point is small as compared with the working distance of' the

As discussed in Ref'. 10, this procedure for fitting the analyzer to the source point so that a vertical shift in the
- .line shapes with Voigt distributions has been extended to the source point will resiult in a strongly "demagnified" shift in

analysis of overlapping spectra' lines by a straightforward. the lin.- image within the scatter aperture. In addition, the
miltiplevorari.eedr least-square fitting program. s01urce image brightness changes very slowly with such an

otT-axis position. Initial alignment might be more sensitively
V. THE EFFECT OF OFF-AXIS POINTS acotnplished by simply using a pair of' "gun sights" preci-

..Lsu Afly, for the purposes of' alignment of the elliptical simfxdo h nlzrmutadwt etcladhti
zomtal slits, respectively, at the entrances and with point

- * mecmroraph. a laser beam may be foc;used at the proper mhtoiad thbe maet by thcie a"shts.p A ieedge"o.~.e1 oin poitin wthin tepulsed x-ray source otideatheetsf'hsesgts"A kneeg"
c~mc.The bearn :hen proceds :hrough anz oppoite slt

v~~~~~anibcr ~ ~ ~ ~ ~ sita thea hc h secorp smone rd'~i proper focal point position at the scatter aperture
cil.aicienr, t hirc to fullyillug tat its onelantdi and by testitia for unifor m laser light illumination along the

F o a.rl m n r l g m n .t e c y tl a a y e detec tion cir ci. (C orrespondingly, a crystal m ounting tech -
-mayi~c replaced with a blank with the: same contour as tha t nique inay be tested by directly aluminizing a crystal analyz-

er surface to render it mirror like).cr* the tnotanted crystal analyzer, but with a mirror finish. A TT he effects of an off-axis position of a monoenergetic
ray point source is even more limited than those of' the laser
light source because the x-ray reflection must also satisfy the
Bragg relation requirement and be at a constant angle 0. This

- ' .is illustrated in the ray traces presented in Figs. 25-27 for a
set of' rays from source points subtending an angular range
(meatsured from the second focal point) of' + 1', and for con-

R/-2 9-83 \' starnt-0 reflection% at 22.5', 45% and 67.5'. rsetvl.The

tyr rft IhCdri i :i~nl zr Ilti rae er eitnfon sain o

ht 2. :flecofn maffa-ict ten ies oin the Thcn ras',ro ,%rinihtiii.i R/rc0473 39
fouimg puint wihina cri. i o f-d egre e r ec Abuti ofe aci r a i-ure - ic tr.ii

tu,/r fm,:1 hie rvill of r. ci osntI Shown he.' re ~ he r ssthe in ni ii ii of I,,

rai e fletd b ion f o nstqal to Iirag angle 26~eii' cnrre'.po-~t% (irc potts~ifidul t W Asto Fig.ni '5.. %
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FOR CONSTANT h-ANO 9REFLECre2.

R/h-12 8-6.49- 3-

or liMA't MLGNIFICATIONS. t/y ANDL.\i

"1 10 AREAPPROXIMATELY CONSTANTSA/S

Z ] DETECTION CIRCLE
oETEcrioN CIROc E ExIT APERTURE FIG. 29. y-dimensional imaging of a mnochromatic source point in the

FIG. 27. Effect of off-axis tource points for# equal to 135*. As for Fig. 25. dispersion plane. Defining the object position y and its image position 4S
fromn the central ray. Iy andASare easily related, using theiohann focusing
point geometry.)

ray systems generate crossover points that correspond to the
Johann focusing geometry for the average radius of curvature Fig. 30. In addition, except for the smaller,6 angles, the value
of the elliptical arc in the allowed reflection region. As illus- ofdy/dO which determines the spectral line or image bright-
trated here, if the spectral line is measured at the crossover ness is slowly varying with source point position as is illus- "

position below the scatter aperture, then its position is fixed tae nFg 1
and is essentially independent of the source point position. A one-dimensional imaging along the length of the
This effee can be very useful for spectral line measurements sp-ta iefo orepitsaogtexdieto nra

on surcs whch re ot cnstnt n thir osiion'Thelo-to the plane of dispersion) can be obtained by establishing ancus of these crossover points is easily determined and is not .

circlaras s ilustate in ig.28.effective vertical SliL between the source and the analyzer.
cruar s is illustratedhee(nscmaily in Fig. 29), This projection geometry is shown in Fig. 32. The image

source points at vertical positionsy are uniformly "mapped" mnagnification is essentially constant and given by
to corresponding image points at z within the scatter aper- X'. L - s L -d (301
ture and at 4S along the detection circle at positions above x s d
and below the Johann crossover points. Again. as noted Herei L. the pathlength from source to detection circle, is a
above for the usual spectrographic geometry with relatively contart characteristic of the elliptical focusing geomnetry
large working distances to the source (Rd/i >. I), the shift in and is give~n by Eq. (1 0).
the reflected line for a monocenergetic x-ray point source as This effzct of a vertical slit may also be gained by piac-
presented at the scatter aperture and along a detection circle ing a knife edge directly in front of an entrance, plane mirror
is very small as compared with a vertical shift in the source that is used to obtain a toital-reflection high-energy cutoff
point position. If, however, the detection arc is located which has been described earlier. In addition, as discussed
farther away from this Johann crossover, a spectral line shift earlier, a larger aperture can be obtained by using a cylindri-
is larger and the effect can be used to obtain one-dimensional cally curved mirror, rather than a plane mirror, which fo-

*imaging of an extended source in the y direction. The con- cu~zes points along the x direction to corresponding points
stancy of the magnification with source position is ilhIstrat- along the x' direction with the same magnification, x'/x, as
ed in the plots of4S vs source point position y, presented in given in Eq. (30).

Finally, by locating a small effective slit aperture at the
first Johann crossover, a two-dimensional image of an ex-

ELLIPTICAL ANALYZER

-135

R, 120 cmS (47.24") 0. o t I

-* h "2.00" 0~o- -~ 1.

~LOCUS

Fir. 28. Lmoeuf the Johann focusing points in detection space. Irfi sp~ectral
line i% measured with a detcoor along this locus, the line position, intetiiaty.
arid shape are esscnilially constant. independent uofa shift in the miroiiIon of Fic. 3) ConiputcJ ,,uion S as~ a fun~roo oftlic source ps'sitioiny
thesourcepoint. (Thcdistsnc.soflheeJohann crossovers aliiigthe central (detinerd in Fi4. 291 1.)r iiercrii central riy an~itest. llustrated here is the
ray to IhC analyzer are equal and given by r ain 0, where r s the radius of emenitrII! c')nssancy of il1k y-dimciiswiaul magnification for a gssen photon
curvature of ihe analyzer for the Bragg reflection angle .1 etierg
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-measurement) haf been demonstrated. These, along with the
0-3 measure spectral line shapes, have been found to be in good

agemn wit th predictio of the geometric and physical

A first application ofthe elliptical analyzer spectro-
va Igrap fo the1001-00-eVregion has been accomplished

45 using planar targets at a 100/i focal spot ofa 20J/6 nNpulsed
-~ -~ 3laser source (1 .06,4) at the Sandia National Laboratory. A

R-~S" report is now in preparation by one of the authors (T.T.) and
.01 L.....L...iJcollaborators. " In Fig. 34 is shown an example of the results

b i .5 0 0.5 10 .5

."-.~ .. * ~y/h obtained with the Sandia source on an aluminum target.
(The hydrogen- and helium-like principal lines use a KAP

FIG. 3 [.The photometric parametcrdX/d# that determines the total bright- iaay
ness of the diffracted line is also relatively constant fr a given ph~oton ener- elli ptical alyer in second order-single shot.)
gy as the source point position y varies. For precise, absolute spectrometry, well-calibrated de-

tection is also required. In a companion paper," we present
absolute, operational calibrations of five photographic films

tended source may be obtained for a selected photon energy. that have been found to be effective particularly for 100-
Such two-dimensional images can be presented at several 2000-eV spectroscopy (Eastnian-Kodak 101, 2492, 2495.
positions along the detection circle for different photon ener- 29,adS32.A motn datg fpoorpi
gies by establishing several corresponding small apertures in detection is its relatively large dynamic range (> 1000). A
front of the analyzer. This two-dimensional imaging is illus- poorpi pini atclryueu o bann i

%traed i Fig 33.tial "survey" spectra and for determining the effective levels

VLCONCLUSIONS of the source intensities.
Work is no-h in progress oil coupling streak camera de-

A; based upon analyses and results which have been tectiou to the elliptical spectrograph for time-resolved spec-
~ ~ -premnatci here, the authors conclude that the elliptical ar'a- troscopy in the picosecond region for both wide and narrow

lyzer sp-ectrograph can provide relatively simply and flexibly spectral range diagnostics on tite large laser-produced plas-
a precise and absolute spectrometry of concentrated, bright mat sources of the Lawrence Livermore National Laborato-
sourcc's of pulsed x radiation in the photon energy region of ry"4 and at the University of Rochester's Laboratory for La-
l0- C- Ov)()eV. Its un iuegecometrical ad van tages permit (lI ser Energetics."5 A, this labordtory, a collaborative effort
mu";u;cet wilt rilini mum background, 12) cffcct: ive uase of has also been initiated on the comparative evaluation and

*-pri ! r..;.riochromator mirrors for a high-energy Cutoti' cdlibration of "state of the art" position-sensitive, self-scan-
artd *;.:ilt d~sreto !e spccl int letgth along fling clectronic detzction systemns as coupled to the elliptical

* thil~tt ccircle it order to accommodate a given dietec- anaiyzer spectrograph for the 100-10 O00-eV region and for
tint ik nd (3) a tire- or two-dimensional im-aging of arn both pulke and photon counting detection modes.

extetvc-I :-ource for a given photon energy. Finally it should be noted that the elliptical analyzer
A. simpile and direct experimental calibration procedure spectrogritpa systems that have been described here can

for th detprmintion of the transmission functions of the have somre important advantages as applied to the very in-
ei~ipi;1ai1 analyzer spectrograph (for linie atnd continuum tense synchrotron x-ray continuum sources. Because the

MAGNIFICATION

SLIT 2& X' _L- S
X- S

Fits. 32. x-dimenional imagi ng of aR- - ' momiochrmitic source point in the
r plasic normal to that of dispersion. cf-

fected by establishing a vertical slit or ai~lp'tr - R2a h2 +h +r c)ltndrfi.jl focusing tnirrorl at poiton d
;iof- , front the souirce. For the t~ptcally large

SPECTRAL values nf R,.,'h. the magnificatton x*/x is
LINE essentially 'constant and eqiual to

I ______________________________________________________________________L - diVd %he're L %,the characnstic

X1 4.V constant pathlength for the elliptical

29-REFLECTION

FOR h/R << 1. X- -d CONSTANT
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ELLITICAL CURLVE by clite Department uf Energy under Contract No. DE-
I AS0W-81DP44Jl53. The authors gratefully acknowledge the

I_ I cTE invaluable assistance in this work of Priscilla Piano and of
-- R3Y LIM I -TINC SLIT Murray A. Tester, of many student assistants who have been

AT CRSPOER FOR /involved in the development of the molecular multilayer sys-
COE4STAnr -8 REFI-ECTION teins, and of Gerald C. Young for his considerable help in the

Ndeveloping of the line-shape analysis computer program.
ILM /'I Finally, we wish to thank Dr. Kenneth Glibert of the Sandia

National Laboratory for his interest and help in initiating
Fit;. 33. x- and y-dimensional imaging of an extended source by placing a the first tests of an elliptical analyzer spectrograph on a
short, vertical slit at the frnt Johann crossover point correspondjing to a pulsed plasma x-ray source.
gi~en photon energy Land Bragg angle 9. By establishing sesera) of these
small slits in front of the analyzer. two-dimensional imrages for the severadl APMI :CNTUTO TEELPIA
photoni energies are formed along the detection circit.

ANALYZERS

As noted in Sec. I (e.g., Figs. 2 and 3), for fixed analyzer
grazing-incidence mirrors and certain crystals and multi- spectroscopy with relatively large spectral range coverage
layers (e.g., the sputtered/evaporated multilayers) can be (as with theconvex and the elliptical analyzers), agiven spec-
used which are stable under the very high total intensity of tral line is diffracted by only a narrow region of the crystal.
,the synchrotron radiation, these mirror-elliptical analyzer Therefore, for precise, quantitative measurement on line in-
systems can be very effective prima ry monochromators with tensities and shapes there is a strong requirement for accu-
good high- and low-energy rejection and low background. In rate. smooth, and continuous profiling of these analyzers.
addition, when applied as high-resolution spectrographs, Meeting this requiremsent is more easily accomplished with 4.&AI these systems can be used to present an absorption spectrum cylindrically bent crystals Irather than with the higher-
along the detection circle, utilizing the continuum x-radi- strained double curvature systems) as have been the basis of
ation source and with the absorption sample over the scatter the spectrographic design applied in this work. Presented
aperture. Important measurements on photoabsorption for he7n' i% a brief description of materials and mounting proce-
condensed matter over a relatively large spectral range Can dur,.s that have heen found to be useful for the construction
thus be made and. in particular, those of the extended x-ray or ric elliptical analyzers.
absorption finle structure (EXAFS) can be made simply and
accurately on very small samples. A. Crystals for E> 500 eV

ACK(NOWLEDGMENTS In Table Al we have listed some practical crystal mate-
riais that have been successfully cleaved and bent to analyzer

This program is supported by the Air Force Office of radii of curvature as small as one inch." These have good-~1Scientific Research under Grant No. 79-0027 acid, in part, stability and relatively high reflectivityt ""' and have been

SHOT 0 1256 KAP
.5 23. 1 J oAl 4 Fcc,. 34. Spectral measurement Or a ]a-

At X0 9/30/81 4 ser-produced plasma source with an
1,1P -. 1 elliptical analyzer spectrograph. The

. 45 119 tiseVi At 3M 2041/6 n% (1.0t-micron lightl laser fa-
20-3 cility oftheSauda National Laborato-

401728fl eV) Ws wasused. The hand R,, valties of the
> 1%The plasita suurec ,as produced a!

35, al(XW-p-diam focal %pot (in a planar
W alumninum target. A 14(X-A parylene/1I Al 7. CY.A aluminum litter was used and~, ~, without a primary. grazing-incidence

(l8( e4 mirror monochromator. Showsn here
Z -1 pec'rum as~ resordel (on Lastinan.Ko-

4 ed,k 24'17 fil- ialong a 2.15-in.-radiJu%
20 L duiectuon c~rcl,:, froni a single-sihote%

.1 p..,urc. In thi. ineasuremcrnt are the
15~~~~~ ~r 1111L'I45:1~- ~ p.npal lin, of the helium- inti Its>

V~ A 4 !%,<tma m secni', order wit I K ~At'

7001 80P o.r"0AJENERGY (eV)
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TAni.E Al. Some practical crystal systems for cuoved analyzer applications 12d values and approximate forming parametersl.

.. AP-plastic Thickn-' % Temperature

hki - 2d (Al *-elastic (milsl 'Cl Bondig

Lt: 220-2.848 p 8-20 700' Epoxy
LiF 200.-4.027 P 8-20 700 Epoxy
PET 002-8.742 4/P 8-10 90" Wax
EDDT 020-8.808 e/P 8-10 90 Wax
ADP 101-10.64 P 8-15 90" Wax
Mica
,muscovitel 002-19.84 e 5-10 20" Epoxy

• RAP 1010-26.12 e 5-10 20" Epoxy
KAP 1010-26.63 • 5-10 20" Epoxy

typically applied in focusing x-ray emission analysis instru- these are preformed against the substrate which is coated
inentation.'9 with melted wax, and then held until cooled to room tern-

Crystals that are plastic, as LiF, can be preformed at the perature under the light pressure of the silicon-rubber pad.
indicated elevated temperatures2" over a convex curved sur- The smaller thicknesses for the crystal analyzers in the
£ace.of stainless steel or graphite that is a negative replica of range indicated in Table Al are required when bending to

-.heaUiptical substrate. At room temperature the elastic crys- radii as small as one inch. The crystal thicknesses should be
-"taland preformed plastic crystal segments (of typical thick- chosen to be no smaller than is required for the particular
nesses as listed here) are pressed and held against the ellipti- bending radii ofcurvature because the quality of the analyz-
cally curved substrates which are coated with a thin layer of er is usually improved when using the thicker material.
-filtered, low-viscosity epoxy resin of a slow curing rate.21 A High-quality, single crystals can be cleaved from blocks
",Lmall'bench vise is used with a gentle pressure established that are commercially available of about four inches in

. ,' "mugh a silicon-rubber pad which is molded from the sub- length as cut from boules of the synthetically grown materi-
strate blank surface. It has been found that crystals as PET al. jThe ttatural crystal, mica, can also be obtained with ex-

"* .and EDDT bend more easily at hot-plate temperatures and celicnt quality in this !engthl. For given values of R, and h

Al I. A2. Dev ndca'cc ofspetral rangeand beam diurnensionsupon h (for. 2 ) cm 47.24 in.} and for anal.zer length = 4.0 in.j.

lh.0 (dog.) 1(2irE1(A-eV) I I2(deg.) (W2dE(A-MV a,__ ____r____

'..0 41.3 3.28E4O4 138.7 1.32E+04 2.50" 0.38" 2.12" 18,43" 1.21
1.5 50.0 2.74E04 , 1300 1.36E+04 3,05" 0.71" 2.34" 16.13' 1.99"
2.0 56.4 2.45E+4 I 123.6 1.40E684 3.55" 1.09" 2.46" 15.36" 2.87'
2.5 61.2 2.27E+04 118.3 1.43E+04 ,.03' 1.50" 2.53" 15.27" 3.82'
3.0 6'4.9 2.15E"34 1 15.i 1.45E iij .51" 1.94' 2.57" 15.53' 4.81*
3.5 67.8 2.06E404 112,2 1.47E+04 1,93" 2.40" 2.59' 15.99' 5.83'

4.0 70.2 1.99E+04 j 109.3 1.48E.+04 5.47" 2.87' 2.60" 16.56- 6.87-
.11 and ra are radit of curvature at 61 and .;-

R o : 120 cm

R_01_ 01 + P2 I 22 --:4 T-.e',2 2/
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MU*. MIMULI 0.VW750iv I W- VJr rFIIT 11M 1500PO 9.41 0.954 0.8W13

TAist i: A3. Profile parameters for 4-in. crystal Analy~er (R,, =120 cm 147,24 inu.]

100.9791 0.750 1.0 443 .76 .550.5 -083
* 1.5 0.9688 0.750 2.000 4.488 0.641 0.589 1.090 -0.6394
* 2.0 09586 0.750 2.500 4.566 0.606 0.668 1.196 -0.6045

2.5 0.9485 0.750 3.000 4.685 0.615 0.786 1.284 - 0.5429
3.0 0.9385 0.750 3.500 4.335 0.648 0.934 1-362 - 0.4961
3.5 0.9237 0750 4.000O 5.006 0.695 1.103 1.432 -0.4591

this substrate block no larger than necessary for required lated using the parametric relations in variable fl. From Eq.
mechanical rigidity in order to allow flexible spectrograph (4), the radial position from the focal point to the arc is given
mounting and for the bench-vise handling in the crystal- by
mounting procedures as described above. For the mrolecular h
multilayer construction this minimum size is essential be- P = _
cause the substrates are stacked six high for the dipping tank I - 6 cos /3

operation in the direct depositing of these analyzers. This Using the coordinates as defined in Fig. AlI, we may then
standardized substrate design is detailed in Fig. Al. All di- write
inensions are simply related to the locating centers of the X 0+h cos(fi - On)
.cloe-and-slot positions (used with fixed mounting posts X X - cosfi
within the spectrograph) and to the position of the focalan
point within the scatter aperture. snf-)

The computer-controlled milling machine that has y=Y - -si~f - On

been used generates a prescribed radius of curvature betweenI-c o6
successive points along the required elliptical arc. The spac- The corresponding radius of curvature, r, at the angular po-
inmg for these points is chosen in order that this circular-arc: sition /3 is given by
.approximation is of error that is no greater than the toler- h 0I 2c cos #3 + e) ~'
anc of the milling machine (-0.2 mil). This typically re- r6Co

* quires fewer than 100 incremental positions along- the four--
inch are for the analyzer substrates used in this work. At the /3 position of one end of the symmetrically cen-

]it addition tosp,,cifying the standlardized back and side iered. four-inch crystal segment (and at corresponding co-
svraces and lo-oating hole and slot. a listing. is .iso presenced oulinates..-c, and v,), the profile is allowed to continue as a
fat the milling machine instructions of the xt, y and radius of sa nght tangential section to the end of the substrate block as
crvtnre, r, ass;ociated with each position along the elipti- hwmFgAlalwtaoem uaohttxyfr

na; c. All coorzfinates are given using the back ird side the elliptical arc- Bly eliminating the elliptical arc at this end
sinfacs o th sustrte loc asthex ady es s s~wr in (with its smaller radii of curvature). the crystal segment may

AIg.'AlThe points along the elliptical arc portion are calcu- be more easily translated back and forth along the substrate
in the mounting process of establishing a good epoxy contact
and centering.

VOIGT OWSTIiON *In Table A3 we have listed. for h values in the range of
LI1NEAR-MIX APDROYtM.%TI0N 1-3.5 in. and forRn = 120cm, the values"frOy~Iy.X

y,, in, and e which permit the complete specification of the
.0.- curved profile portion of the standard elliptical analyzer sub-

strate described in Fig. AlI.

-INPUT VOtor COMPUTEP-F:T APPENDIX B: SINGLE SPECTRAL LINE ANALYSIS
PAAETR go-- 20 .- Assuming that a measured spectral line distribution

go- 67 / q . . may he precisly described as a convolution of Lorentzian
go--4 672.LO

V 
.39TA. i I, n 1. 1. q. and ty valkie , ror different m ixing param etcrs 6

Inpt Voigt Cotn1'ter-u t MXIitg
pairameicr% parameters parameter

I*.. Ill 4:oinparcd here. a% for Table ii. are the preditetd. c.omputer-rit 3 95 3 20 1.67 3.94 3.22 1.64 0202
F1-WM~ values For 1. g, and '-with ihose. Jaracteriiig the W,) untiformly I.6 1.6( 1.67 2.67 1.58 1.69 0.432
%Wa.ett;Ann data for an exact Voigt distrthution. tDemtbrtrated here Is the 2 41) 1 203 1.67 2.39 1.19 1.67 o.521
h~ih acitracy of such littttg toy the rvlaoi~tly simple artI5 ttuai Upprroxinma 201i 0e0) 1 67 2.00 0.59 1.67 0720
lion in thie Voigt conviiV itioi initegral rise i E'q (251 atid ipplid here. -_____________________________________________
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that characterize the elliptical analyzer, the spectral range steel elliptical analyzer substrates.: ' These are then epoxied
that may then be covered is determined by the effective to the elliptical substrate% with a procedure as noted above.
length of the crystal. In Table A2. the limiting values for the A unique advantage ofthe molecular multilayers is that
spectrum angles. /5' and/62, as set by a four-inch length of these may be deposited upon substrates of any shape (for
crystal analyzer are presented for h values in the 1-4-in, example, of double curvature and of radii of curvatures in
range. An R, value of 120 cm 147.24 in.) has been chosen here the millimeter rangel.
as being an appropriate value for most of the large inertially For spectroscopy in the 300-500-eV range, the molecu-
and magnetically confined plasma sources which are cur- lar multilayers are generally not as efficient as the sputtered/
rently in opeiation. The correzponding limiting 12d jE values evaporated multilayers of nonorganic. low-density/high-
have been calculated and are presented here, which will yield density layered pair systems.2 - ' " 2 These may be construct-
the photon energy limits. E, and E:, derived by using the 2d- ed with 2d values in the required 30-60-A range. The high-
crystal values as those presented, for example, in Table AI. density layer may, for example, be of an element such as
The associated beam limits, a, and a,, and the linear aperture tungsten. The low-density layer may be a compatible lighter
Aa are given. Finall., the radii of curvature, r, and r,, of the element with a particularly low absorption for photon ener-
analyzer profile at the corresponding fl,-, angle limits are gies in the desired 300-600-eV region. These may be deposit-
also presented here. ed most accurately uponflar surfaces (for example, upon the

same 10-mil glass sheet material as used for molecular layer
B. Multilayers for E < 500 eV substrates) which may then be elastically bent and epoxy

For spectroscopy below the carbon-K edge (at - 280 mounted as described above for elastic crystal segments.
eV), we have developed molecular multilayer analyzers of C Construction of the elliptical substrates

"the Langmuir-Blodgett type using the lead salts of the
straight-chain fatty acids, lauric, myristic, stearic, behenic, The elliptical profiles are machined into a suitable sub-
lignocerate, and melissic. These are of 2d values equal to 70, strate material using a computer-controlled vertical milling
80, 100, 120, 130, and 160 A, respectively. Our molecular machine. Considerations involved in the choice of the sub-
multilayer analyzers are typically with 200 d spacings. Their strate material include machinability, surface smoothness,
characteristics and methods of construction have been re- and the temperature coefficient of expansion (as may ap-
ported elsewhere.a 2 ' - For these, the reflecting planes proximately match that of the attached crystal or glass seg-
are dense double layers of lead atoms separated by a low- meat). Typically, stanles:; steel, aluminum, and plastics
density matrix of the carbon chains. Because the carbon ma- have been used. A low atomic number substrate material
trix is of particularly low absorption for photon energies be- may be important to minimize objectionable fluorescent x-
low the carbon-K edge, the reflectivity and resolution of radiation background from the substrate when a given
these molecular mullilayers are relatively high. (Energy re- source spectrum contains an appreciable high-energy x-ray
solution is typically around I eV.) background component.

These multilayers are deposited directly upon the ellip- We have attempted to design the crystal-mounting
tical analyzer substrate blanks which are clad with 10-mil block to be of convenient dimensions that are suitable for
glass sheet material. The thin glass segments are preformed analyzers ofR, values in the 10-100-in. range and h valuesin
at a "sagging" temperature and annealed upon stainless- the I -4 -in. range. It is important to have the dimensions of

UNIVERSAL ELLIPTICAL ANALYZER MOUNTING BLOCK

FOR go 30,
POS; TIONI I X )

o .7 o " L i h + -0 5 _0 0 0 " , 0.1 ! O 0. o

0 Fm-Y '2 Al. Univcrsal eliptical analyer4 5. ow) - mounting block for four-inch crystal
1- .40 segments and for R,. and h values in the

2 02500 3 h P range% 10-100 and 1-4 in., repectivel).

24

6 i2 5C0 0" The parameters that specify the cued13... e. n mV.54 profile that is machined into ths blorsk,•"7 0 750C 02 500" for a gt ,en h value, are presented in Ta-
y G '"'. :: bie A3.

5-7 LOCATING 4Cj .! t,,'A 'or -. . - 4
0IAM, - O) 2S.'-,"

6 CLE 'kRAW:;_' L).[ .IAM 0.16"

t5 -
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I 0 F. *g = v(60 54) and I =A 1~ - 645o'). These exponents were de-
termined from least-square filling to the computer-fit 6 val-

g own ues i n the0. 1 to0. 9 range as shown i n t he plom of Fig. B12.
I - Note. If the central region of the spectral line departs

54 t-", /from a Voigt distribution (e.g.. depressed by the effect of self-
74 1 absorption within the source), only the intensity points for

/ the wings of the distribution are entered as the line profile
F . Idata set. In this case, the program will stop and ask the oper-

00 - 0 0 10t sponding to an "extrapolated Voigt distribution" near the

distribution center). A region in the wings that is affected by
Flua. 82. Plotted here are the relations that Wec used to determine theg/u and cotiuonfrmaovlpigerbsetaliemy
I/It ratiosi from the computer-fit values of cS. The exponents that are us otiuinedota vrapig eryspcrlln a
hert were based upon least-square fitcrng over eveniy spaced values of 6 as be eliminated and represented by a few points that are esti-
shown here in the 0. 1 to 0.9 range. The ratios used in these plot% were those mated Voigt extrapolations and which reflect the symmetry
that characterize the corresponding, exact Voigi distributions that were fi as required for tile single line that is being analyzed. It is
for these 6 values. For companison are shown the simpler functions that.
have been used to obtain the approximate analytical relations that are given important that al background intensity under the spectral
in Eqs. J23) and J241. line be subtracted from the original intensity profile data.

* .and Gaussian components (and therefore as a Voigt distribu- 'V. A. Boiko. S. A. Pikuz, and A. Ya. Faenov. Instrum. Ext). Tech. (USSR)
' ndusn te ina-mx nayicl ppoimtin e 23.29111980).

'Ition), aduigtelna-ianltclapoiaone- 2B. L. Henke, Nucl Itistrum. Methodq 177. Itil (1980); B. L. Henke. Low
scribed by Eq. (25), a FORTRAN program has been written27  energy x-ray spectro-.copy with crystals and multilayers." in AlP Confer-
that will then allow the computation from a line intensity ence Proce'edings MVo. 75fonr J.ow Energy X-Ray Diagnosucs. Monaerev, Co-

dataset 1/3 forthefollwin vales:lifiornia. edited by D, T. A ttwoord and H. L, Henke (American low~itute ofprofile dtseI f)frtefloigvus:Physics. New Volk. 19911. p. 85.
6 :linear-mixing parameter 'D. Yaakobi. T C. Bri,tow. and A. Hauer. Opt. Commun. 14.,336)11975);

11. Y~aakob, And A. Nee. Phys. Rev. Lett. 36.,107711976),
I, peak intensity 'R. W. Lee. D. L. Mattlicus, S. MI. Lane. E M.. Campbell. L. Koppel, J

6, peak position in spectrutm angle, Scofield. J. Auerback. and T Lim. J. Phys. B 15. L317 (19821.
V FW M o th bet Vigt istibuionfit '11. Yaak-obt. R. E. Turner. ;1. W_ Schnr'pper. and P. 0. Taylor. Rev. Sci

Inst rum. SO. 16M9 (1979)
1 Lorentzian comnponent FWHlM 'E. Kaline and 3. K511lnc, MIT Plasma Fuswri Center Report No. l'FC/IA-

g :Gaussian compoitent FWI-JM 8- .Ags q2,R L. Iflke, -Low energy' x-ray Interactions: phioictnization. scattering.
N :area under the best-fit distribution. sprcuia. and B~rag; redtectirn." in AlP C'onfrenrce Proceedings No. 750on

The linear-mix appnroximaiorn to the Vojer functicin may be Lvt' h~e* X-Raui D';a!yrrsticsi. Mnerey, C'aifornia. edited by D. T.
Aftwood andi B. L.. Itenike (American Institute of Physics. New York.

written as 19S I .p. 146.

I-o.G)+( - ± 5) (x] "DL. Ilenke, P. Lee, T. J. Tanaka. R. L Shimabukuro. and B. K. Fu-
- I0 ~G~) -)L~)],jikaa. At. Data Nu,.-. Data Tables 27. No. I (January 1982).

whereG.c = exsp - (In2)x2] and L(x) (I .- x2) ' and1for 'D W. Barrns. R. L. Make. H. Felthauser. E. E. Fenitmore. and A. 3.
which x = 2(p) .- i)/v. 11urtk, "Spectrophountric properties of cry-%tals for low energy X-ray

tltrtostic,in All Conference PnrnrediyngslNo. 75on Lots' lneMVyX-RayFor a given value of v, a linear least-squares fitting btat,'.tocts .Sonterev. Calirnia. edited by D. T. Attwood and B. L.
yields a value for 6 arid for Ij) In this program. v is vanied in Henke (American Institute of Physics. New Y'ork. 19811. P. 115.
o~rder lo find its "b :st- value which renders a mnimum ab- "13 1- ticnic. R. C. C. 1'erera. E. M. Gu~fiL~son. and M. L. Schattenburg, J.
solute least-square -fitting error. The en~tire line profile data Arppl l'hys 49.4RO(I97h;.

se.,is ued fr ths, fttin vroedur. li ordr !ohe-i thi " N L. Wcise. " ine brstade in~g.- fi Plavina Diagnostic 'reclniqe.. edite i
set~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~~~y isue o hs itn rcdre nodrt egnti iuddtlestuonauidS tLeonard IAcademic, Newv Yorl,. 19651. p. 2f65.

minimum-error search proc-ss. a first alipro,.itnattnn fior tile ,'F I T:iuaka. -M. A. Pl'amer. j. 1P. Attlt. K. Glbert. J1. Martin. and B. L.
value_ of v is obtainetd by leasst -snuare fitting tho tv. o s~des of l~i .'netp a ,arrars nertrp:apiaint ae

the distrihution Iusti! trltnit pont -n tile r1.~k torte .U ut~t.MA .. ,, ~rad I zm
21,3) to-a cuht(in[P I :. F:ron these its. tIIi FW I NI tlc N1. %t Vt'air. aind It I it imi're. 0TIiAct., :Itter,,.tt ft ist jlto

and the peak po)sittori [l, are first determinted. %%'ih thuws fr:hc'l~[t iiittt'. ncrgy '4411 sperctrrsopy- irct
values, tile minimumi-error itting, of tle above hteasr mix artcfri
function may prtcet..R1 aittn arnetten'r ~ttnlI:hrtr pia~ on

In Fig. hB I asre pilkted exac; \'oigt djstrth'uti'm Pt pnrits 5- N ,ttijl I &.-r t r~I.clwt~c. L tt'rt' 'I Rtt.cier. It L. ltitv. PR
characteriz.ed I tiv l'. pa ratit el er, f,. Ku,, antd Itl Msoe ptot ted 'k .tji ,l\ l s:.td t lift ptqt. I rill uttt

lire i-, the lit:i)r tntis appsrttsmratt:'t Curse 't" dklet.:IP d hs ' " ". i ttts'. lt.If~ trt.; III. IN ~'s~- .ttlt-

this programi alongi*i10 wIt,, ctmptited %,.tile,, of !,g ..Il 11tt..'. '.~Ac: pi cts 5
Sintilarly. ini abhle Mt at-, pttectttcd tile I '.itid 'sl',(t t>., .,t,

diff~cren- tmnr; ptOrtccr. '.c ltpirin' tile ortginal I 'tt'.. Voit P. .s'~I .. ''~.~.~.'t. tts .Z

\;tltiC' t0 IhC :.irIt. COMtittUlet1it valwt'>. A~ s .uc - t '.

ahove. Owtl . f'dIpriilr r;teetie ritt tlte %alue ' '' .tt tlt'r. .:jo Malti(
for b aind ftr r 115mg tit(- f01'wittg relatiuns (Fromt Eq 2till I,,; I./.ltt Uoil ;;I l't~t, t A
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IV, INVITED AND CONTRIBUTED RESEARCH PAPERS

PRESENTED BY THE PRINCIPAL INVESTIGATOR

1978 - 1983

IUZa
, . - A Systematic Study of the Characteristics of X-Ray Photocathodes, Poster

presentation, American Physical Society Second Topical Conference
on High Temperature Plasma Diagnostics, Santa Fe, New Mexico,
February 28 - March 3, 1978

-Application of Low Energy X-Ray Spectroscopic Techniques to High Tenrerature
Plasma Diagnostics, Physics seminar lecture, Los Alamos Scientific
Laboratory, June 1978

- The Optimization of X-Ray Photocathodes for Time Resolved X-Ray Spectros-
copy in Laser-Produced Fusion Research, Physics colloquium lecture,
University of California Lawrence Livermore Laboratory, June 1978

- Participated in a workshop on the Absolute Calibration of X-Ray Photo-
cathodes as Applied in X-Ray Detectors (XRD's) sponsored by the
National Bureau of Standards at the Lawrence Livermore Laboratory,
June 1978. The results of the calibrations of two detectors that
were calibrated by each of the six participating laboratories,
including this one, were evaluated.

" " - The Secondary Electron Emission Photocathode Characteristics for Time
Resolved X-Ray Spectroscopy, International Conference on X-Ray and
XUV Spectroscopy, Sendai, Japan, August 28 - September 1, 1978

- C-K and CZ-L Emission Spectra and .ilofecular Orbital Analysis of CCZ4
International Conference on X-Ray and XUV Spectroscopy, Sendai,
Japan, August 28 - September 1, 1978

- A Review of X-Ray Photocathode Characteristics that Affect Picosecond
Streak Camera Operation, 1978 American Physical Society Annual
Meeting of the Division of Plasma Physics, Colorado Springs, October
30 - November 3, 1978

- Physics and Application of Multilayer 'Crnjctals" for Spectral Analysis in

the 50-100 A Region, Invited paper, American Crystallographic Assn.
Meeting (Joint with Japanese Crystallographic Society), Honolulu,
Hawaii, March 26-30, 1979.

1979
- Seminar at Lawrence Livermore Laboratory, June 20, 1979

- Seminar at Los Alamos Scientific Laboratory, June 26, 1979

- Seminar at Kirtland Air Force Base and Sandia Laboratories, Albuquerque,
New Mexico, June 28, 1979

- Seminar at Maxwell Laboratories, Inc., San Diego, June 29, 1979

- X-Ray Spectroscopy in the 100-LOOO eV Region, Invited review paper,
Japan-U.S.A. Seminar on Synchrotron Radiation FaciliLies, East-West
Center, University of Hawaii, November 5-9, 1979
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1979 (cont.)

- The Characterization of X-Rcaj Photocathodes, 21st Annual Meeting of the
Division of Plasma Physics, American Physical Society, Boston,
November 12-16, 1979

- Seminar at Department of Physics, Pomona College, Claremont, California,
November 1979

- Seminar at Massachusetts Institute of Technology, Center for Space
Research, Cambridge, Massachusetts, November 1979

1980
- Seminar at Lawrence Livermore Laboratory, August 1980

- Seminar at Los Alamos Scientific Laboratory, August 1980

- Seminar at Kirtland Air Force Base and Sandia Laboratories, Albuquerque,
New Mexico, August 1980

- Some Recent Developments in Low Energy X-Ray Spectroscopy, 1980 Annual
Meeting of the Division of Plasma Physics, American Physical %
Society, San Diego, November 10-14, 1980

1981
- Co-organizer of a special Topical Conference on Low Energy X-Ray

Diagnostics sponsored by the American Physical Society, June 8-10,
1981, Monterey, California. Contributions for this program
included the followina:

1. Low Energy X-Ray Spectroscopy with Crystals and Multilayers.

2. Low Energy X-Ray Interactions: Photoionization, Scattering,
Specular and Bragg Reflection. (Review paper)

3. An Absolute Calibration of RAR 2497 Film for Low Energy X-Ray
Spectroscopy. (with E. R. Oietz and M. A. Tester)
(Review paper)

4. 7he Atomic Scattering Factor, ft + ifz, for 94 Elements and
for the 100 to 2000 eV Photon Energy Region. (with P. Lee,
T. J. Tanaka, R. L. Shimabukuro and B. K. Fujikawa).

Proceedings of this Conference were published by the American Institute
of Physics, New York, 1981: A-P Conference Proceedings No. 75 on Low
Energy X-Ray Diagnostics, 0. T. Attwood and B. L. Henke, Editors.
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TOPICAL CONFERENCE ON
LOW ENERGY X-RAY
DIAGNOSTICS
Monterey, California
8-10 June 1981

The meeting will provide 2 forum for Mc. Because only a small number of rooms
tive researchers in differing scientific have been reserved in this popular tour-
fields to meet and discuss common in- ist region. partidpaata axe urged to re-
terests in the rapidly evolving technol- serve rooms quickly and directly at the
oies of low energy (100 eV to 1 KcV) Doubletree Inn, Monterey. California
x-ray generation. manipulation, and de-' [telephone: (408) 649-45111. In doing
tection. as well as the physical pheno- so. refer to the "X-Ray Conference".
mena these developments make acressi- Further information regarding prcsen-
hle. Papers are solicited in the areas of tation Of papers, program dctas, and
low energy x-ray sources, detectors and preregistration can be obtained by writ-spectroscopy,. a Well as reflectite and ins to David T. Attwood. P. O. Box
diffractive optics. The meeting is ex- 5508. L-479. Lawrence Livermore Na.
pected to emphasize, through invited tional Laboratory. Lvermore, Calif.
papers, new developments in microfab- 94550. The registration fee of approxi-
niation techniques. applications to the mately $60 Includes a subsequent copy
diagnosis of high density, high temper- of the meeting's proceedings, bound in
ature plasmas. and x-ray Uthographic ap- book form by the American Institute of
plications in science and industry. Con- Physim. Al presentations must be avail-
ference Co-chairmen ate David Attwood able in camera-ready form at the tIne of
of the Lawrence Livermore National the mreting, to APS Journal standards.

N Laboratory and Burton lenke of the for inclusion in the published proceed-
University of Hawaii. The meeting is ings. 11
jointly sponsored by the American Phys-
ical Society, the U. S. Department of En-
ergy, and the Lawrence Livermore Nat-
ional Laboratory.

- Seminar at Lawrence Livermore National Laboratory, September 1981

- Seminar at Los Alamos National Laboratory, September 1981

- Seminar at Sandia National Laboratory, September 1981

- Seminar at University of Rochester, Laboratory for Laser Energetics,
September 1981

- Seminar at Eastman-Kodak Company, Rochester, New York, September 1981

-. 182.
- Seminar at Lawrence Livermore National Laboratory, August 1982
- Seminar at Los Alamos National Laboratory, August 1982

- Seminar at Sandia National Laboratory, August 1982

- Seminar at KMS Fusion, Ann Arbor, Michigan, August 1982
* "" . - An Elliptically Curved Fixed Analyzer Spectrograph for the Diagnostics

of Inertial Fusion Targets in the 80-8000 eV Region; The Character-
ization of Five Photograpl'ic Films for Quantitative, Low Energy X-Ray
Spectroscopy, 24th Annual Meeting of the Division of Plasma Physics
of the American Physical Society, November 1-5, 1982, New Orleans
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1983
" - Some Recent Work in Low-Energy X-Ray Measurement and Theory, Seminar

at the Department of Physics, State University of New York at
Stony Brook, May 1983.

- Some Recent Work in Low-Energy X-Ray Measurement and Theory, Seminar
at Brookhaven National Laboratory, Upton, New York, May 1983.

- Some Recent Work in Low-Energy X-Ray Measurement and Theory, Seminar
- -" at Philips Electronic Instruments, Inc., Mahwah, New Jersey,

May 1983.

- Seminar on Characterization of MultiZayer AnaZyzers, Energy Conversion

Devices, Inc., Troy, Michigan, June 1983.
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V. SOME OF THE LABORATORY FACILITIES

OF THIS PROGRAM
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